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Editorial 


H. M. BARLOW+t 


LECTRICAL engineering as a technology neces- 
k, sarily embodies applications of physics, and in 
the microwave branch, a particularly close link 
exists between the two subjects of study. The phenom- 


‘enal progress in microwave work has come about as a 


result of physicist and engineer working side by side, 
each making his own kind of contribution, much to the 
benefit of both. Cross fertilization of ideas is always 
profitable, and in microwaves, perhaps more than in 
many other things, this has had exceedingly valuable 
results. The engineers have discovered the need to 
broaden their approach to problems of the electromag- 
netic field and to delve much more deeply into matters 
concerning the behavior of electrical materials in such 
fields. The high frequencies involved have naturally 
been a dominant factor in the new work they had to do. 

Prior to the advent of microwaves, which for practical 
purposes only really came on the scene during World 
War II, most electrical engineers were content to ex- 
amine their guided-wave problems in terms of circuit 
theory, and even in the VHF part of the spectrum, that 
treatment sufficed for most purposes. In the microwave 
band, equivalent circuits still play their part, but more 
often field theory is required to give an intimate and pre- 
cise picture of the situation. The behavior of the field at 
a boundary between two different media is almost always 
of special interest, and much 6f our microwave work cen- 
ters around that aspect of the subject. This is not sur- 
prising when we recall that air, as the pervading medi- 
um of the space in which we live, has many excellent 
properties for electromagnetic wave propagation, and 
most of the limitations we have to accept are imposed 
by the various forms of guide and supporting structure 
introduced for the purpose of directing energy along a 
particular route. The commission demanded by the 
guide for this service is often an important considera- 
tion, and so are the losses in any associated solid dielec- 
tric. It is a salutary thought that even at low frequency, 
the permissible electric stress in a high-power cable is 
limited primarily by voids in the insulation, tending 
to reduce the performance to that attainable with a gas 
dielectric, while at high frequency, we generally try to 
use as little solid dielectric as possible in order to keep 
down the power absorbed. 

Microwaves, in teaching us to think and study more 
particularly in terms of the electromagnetic field rather 
than the electric circuit, have encouraged a more uni- 
fied approach to our problems, and this is perhaps the 
most important need today in the science of electrical 


-+ Elec. Engrg. Dept., University College, London, England. 


engineering. The power engineer often reasons and acts 
from a point of view which is very different from his 
colleague in the radio field. Both have something of 
value to offer, but it is nevertheless true that the young- 
er science tends to be more progressive and to give wider 
scope for challenging ideas. 

How many engineers realize that the basic mech- 
anism of the mechanical force on the conductors of the 
armature of a motor carrying current is the same as that 
of radiation pressure, and moreover, that its counter- 
part, the Hall effect, arises in a way which is the precise 
equivalent of the EMF generated in the armature? How 
many engineers have ever thought of the equalizer rings 
on a wave-wound de machine as performing the same 
function as the strapping of a multicavity magnetron, or 
of the rotating magnetic field of a polyphase induction 
motor as a surface wave? How often do power engineers 
use, or indeed think of, the Poynting vector in relation 
to their calculations for power transmission, and how 
many of them are still inclined to visualize the power as 
passing through the conductors themselves? What pro- 
portion of our colleagues dealing with the design of ac 
machines consider the problem of the distribution of 
current over the cross section of conductors in terms 
of wave propagation and recognize that even at 50 cps 
the wavelength in copper is only about 5 cm? It might 
justly be argued that there is little of immediate prac- 
tical value to be gained from any broader approach to 
these and similar matters, but this is a short-term view 
and, in the long run, one generally finds that it is 
from the wider horizon that the most important de- 
velopments emerge. To that end, it is particularly 1m- 
portant that teachers should do all they can to bring 
together in the minds of their students basic scientific 
ideas that are closely allied. This may encourage wider 
attempts at generalization, which is always difficult to 
achieve without losing some of the detail—detail that is 
sometimes of vital importance in an engineering prob- 
lem. In spite of all the difficulties, the fact remains that 
without some further measure of unification in the 
teaching of electrical engineering, the growth of the sub- 
ject will force the tendency toward narrow specialization 
to become still more pronounced. The close contact be- 
tween physicist and engineer in the microwave field has 
broadened the outlook of both. Let us do our best to in- 
sure that the same kind of interchange is not lost be- 
tween the power and the radio engineer. The great ideas 
on which our future so largely depends will surely come 
from the closest possible collaboration, and particularly 
from those who have the gift of a broad scientific under- 
standing of the problems presented to them. 
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Broad-Band Coaxial Choked Coupling Design’ 


H. E. KINGt 


Summary—Equations and curves are presented to predict the 
frequency bandwidth of coaxial choke couplings in terms of the choke 
parameters. Choke couplings discussed are those applicable to rotary 
joints and dc isolation units. 


INTRODUCTION 


( Picea choke-type rotary joint designs have 
been discussed by Ragan,! and many joints have 
been built following his presentation. Recently, 

Muehe? discussed a method to widen the bandwidth of 

coaxial choke-type rotary joints by reducing the char- 

acteristic admittance of the transmission line for a quar- 
ter wavelength on each side of the chokes. Muehe’s dis- 
cussion was based on the analogous case of broadband- 
ing short-circuited quarter wavelength stubs in parallel 
with the transmission line, by changing the characteris- 

tic impedance of the line on each side of the stub for a 

distance of one-quarter wavelength. 

The broadbanding of coaxial choke couplings under 
the present discussion is not based on a change in trans- 
mission line impedance, but is based on an extension of 
the conventional methods. As outlined by Ragan, 
broadbanding of choke couplings may be accomplished 
by displacing the outer and inner conductor chokes 
along the transmission line by one-quarter wavelength. 
The purpose of this paper is to present general equations 
and curves relating to the VSWR, to the characteristic 
impedance of the choke sections, and to the spacing of 
the two chokes. From these curves, one can predict the 
bandwidth of a rotary joint design. 


pe Bl + Zo. cot Bl, sin Bl 
7 sin Bl 


In addition to facilitating the design of rotary joints, 
the information presented here can be utilized to build 
wideband dc isolation units. Wideband dc isolation units 
have been developed? using the design described; de iso- 
lation units are required whenever blocking of dc on 
both the inner and outer conductors is desired. 


* Manuscript received by the PGMTT, July 29, 1959; revised 
manuscript received September 17, 1959. 

+ Space Technology Labs., Inc., Los Angeles, Calif. 
' a rs Ihe ee aoNeys Sa ec Circuits,” Mal DS Rad 
uab. Ser., McGraw-Hi ook Co., Inc., New York, N. Y. : 
Mare 1ols. ac ew York, N. Y., vol. 9, 
. ae E. SMe pL compensation of resonant discon- 
inuities, RANS. ON MICROWAVE THEORY AND T 
vol, MTT-7, pp. 296-297; April, 1959. Pee 

y Ramo-Wooldridge, a division of Th R - 

dridge Inc., Los Angeles, Calif. iiss adage ce 


EQUATIONS FOR CHOKE COUPLING 


A conventional coaxial rotary joint is shown in Fig. 1. 
To prevent radiation losses due to the outer conductor 
choke and to provide a means of placing a bearing at a 
low current point, the external choke section of charac- 
teristic impedance Zo3, is added. In most practical cases, 
the characteristic impedance Zo3 is made as high as pos- 
sible and is usually much greater than the characteristic 
impedance Zo. of the outer conductor choke. 

For simplification in this analysis, Zo3 is assumed to 
be infinite. Also, both the choke sections are \/4 long at 
the center frequency, and their characteristic imped-_ 
ances Zo: and Zo: are assumed to be equal; thus, the 
choke input impedances are equal, or Z1= Z2. The char- 
acteristic impedance, Zo, of the transmission line is nor- 
malized to 1. 

The ABCD matrix of the two chokes displaced by the 
length / along a lossless transmission line is 


E —4Zo1 Cot | | cot Bl 


j sin a] 
0 1 


jsin Bl cos Bl 


; k —jZo1 aia! (1) 
0 1 


where (/; is the electrical length of the choke sections 
and £1 is the electrical spacing between the two chokes. 
The final matrix when multiplied through is 


— 2jZo1 cot Bl, cos Bl — 7Z 1? cot? Bly sin Bl + 7 sin | (2) 
: a 


cos Bl + Zo, cot Bl, sin Bl 


The insertion loss is given by? 
L = 10 logy {1 + 1/4[(4 — D)? — (B—C)*]}, 
= 10 logis {1 — 1/4[—j(2Z01 cot Bl; cos Bl 
+ Zox? cot? Bl, sin B1)]?}, 


zal es 


10 logis ! us 
Next, let 

Tv Tv 
Bl = Rant? and 61 = ngl, = n(= +8). 


*R. M. Fano and A. W. Lawson, “Microwave Transmission Cir- 
cuits,” M.I.T. Rad. Lab. Ser., McGraw-Hill Book 
York, N. Y., vol. 9, p. 551; 1948. ia 
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Zo =1 


Fig. 1—Coaxial transmission line with choke couplings 
used as a rotary joint. 


Then | K| is written as 


|K 


= 2Z), tang cosn (= _ é) 


— Zo,’ tan’ ¢ sin n (= -+- 6), (4) 


where ¢=the difference in electrical length from the 
center frequency choke length of 7/2. The relation of 
| K| to the coaxial transmission line voltage-standing- 
wave ratio, VSWR, is 


VSWR-1 


|K| = (5) 
; VVSWR 

Bandwidth is arbitrarily defined as the ratio of the two 
frequencies for which the transmission line VSWR is 
1.1:1 (insertion loss less than 0.01 db) or in symbolic 
form, the bandwidth is 


fo 90+ | 2] | 
fA 90— | 41 x 


DiIscUSSION OF CURVES 


A graph of the input VSWR to the transmission line 
is shown in Fig. 2 for the case when Zo1= 0.0324 for vari- 
ous conditions of 7. When n=0, the input terminals of 
the chokes are located on the same transverse plane. 
The VSWR is calculated from 


| Tote = 2Zo, tan ¢. (7) 


When the chokes are displaced by 4/4 at the center 
frequency, then »=1, or (4) is reduced to 


| K|naa = (2Z01 + Zo”) tan > sin $. (8) 
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Fig. 2—Input VSWR to coaxial transmission line with choke cou- 
plings for various values of m. Choke impedance, Zo =0.0324 


(normalized to unity). Characteristic impedance Zo3 is assumed 
to be infinite. 


When n=1, a zero derivative exists at the origin, a con- 
dition considered to be the maximally flat case. 

When the input choke terminals are separated by \/2 
at the center frequency (7=2), the »=2 curve shows a 
wider bandwidth compared to the 2=1 condition. For 
the »=2 condition, K| is written as 


| K Lee = 2Z 01 tan 0) cos” fo) 
— 2(Zo1 = Z01°) tan } sin? d. (9) 


When the chokes are separated by \/4 at the center 
frequency, or n=1, the frequency bandwidth ratio vs 
Zo1 is plotted in Fig. 3, where the band edge limits were 
determined by a voltage-standing-wave ratio of 1.1:1. 
Fig. 4(a) is a curve of frequency bandwidth ratio vs 
Zavctor n=2. The. peak voltage-standing-wave-ratio 
within the band limits is plotted in Fig. 4(b). 

Where Z 1=0.0324 and »=2, the bandwidth for a 
VSWR of less than 1.1:1 is 6.2:1. With the same choke 
impedance except that »=2.67 (G1 = 240° at the center 
frequency), a still wider frequency bandwidth of 8.15:1 
is theoretically feasible as illustrated by the solid line 
curve of Fig. 5. Note that the curve is unsymmetrical 
and the peak within the band is slightly higher than 
for the case when  =2. In actual experience, the slightly 
higher peak should not produce any detrimental ef- 
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Fig. 3—Frequency bandwidth curve of coaxial transmission line with 
choke couplings when chokes are spaced \/4 at the center fre- 
quency. Bandwidth determined by the transmission line VSWR 
of 1.1:1. Characteristic impedance Zo3 is assumed to be infinite. 
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Fig. 4—Response curves for coaxial transmission line with choke 
couplings when chokes are spaced \/2 apart at the center fre- 
quency. (a) Frequency bandwidth determined by the transmis- 
sion line VSWR of 1.1:1. (b) The value of the peak VSWR within 
ne band limits. Characteristic impedance Zo; is assumed to be 
infinite. 
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Fig. 5—Input VSWR curve of coaxial transmission line with choke 
couplings when chokes are spaced 0.667) apart for Zo: =0.0324 
(normalized to unity). 


fects. With any given value of Zo, an optimum spacing 
between chokes can be determined to give the widest 
frequency bandwidth. 


OTHER CONSIDERATIONS 


For extremely wide bandwidth choke couplings, the 
finite value of Zo3 should be considered. The solid line 
curve of Fig. 5 represents the condition when the ex- 
ternal choke impedance Zp; is infinite while the broken 
line curves represent two finite values of Zo3. 

The dashed line curve of Fig. 5 shows the reduction 
in bandwidth if the normalized characteristic imped- 
ance of Zo3 is 0.6. For a normalized characteristic im- 
pedance Zo3 of 1.5, the dash-dot curve indicates an im- 
provement in the VSWR response. Note that there is no 
major increase in VSWR due to the finite value of Zo; 
provided |o| <70°. Usually only for extremely wide 
bandwidth choke coupling designs (when || 210. yes 
it necessary to calculate the effects of Zo; on the 
VSWR response. 

If the external diameter is a limiting factor that pre- 
vents a large value of Zo3 from being selected, an effec- 
tive increase in the external choke impedance can be ob- 
tained by making it \/2 long at the midfrequency as il- 
lustrated in Fig. 6. Now the impedance Z3;+Z, termi- 
nates the outer conductor choke Zoe, instead of only Z3. 
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Fig. 6—Broadband coaxial rotary joint of dc isolation unit 
design using choke couplings. 


In a practical design, the slight reduction in band- 
width due to the finite impedance of the external choke 
can be compensated by lowering the characteristic im- 
pedance Zoe. In a practical case, Zo2 can be made smaller 
than Zo1- 

Basically, the wide bandwidth of choke couplings is 
obtained by the use of low values of the choke’s charac- 
teristic impedances, Zo1 and Zo2. By the use of teflon in- 
sulation, choke characteristic impedance of less than 
1.5 ohm is readily obtained. The increase in dissipation 
losses because of the use of teflon dielectric is compen- 
sated for by the shorter physical length’ of the choke 
that is required. : 

Fig. 7 is a photograph of a dc isolation unit built? for a 
frequency range of 70 mc to 850 mc (VSWR less than 
1.5) using the design described herewith. Performance 
data of the dc isolation unit is illustrated in Fig. 8, 
showing both the calculated and measured VSWR re- 
sponse. The measured insertion loss was found equal to 
the mismatch loss. 


CONCLUSION 


The curves (Figs. 3 and 4) and the analysis should be 
helpful for the design of wide-band coaxial rotary joints 
or dc isolation units. Prediction of the final performance 
for various choices of parameters is possible. 


APPENDIX 
CHOKE LossES DUE TO TEFLON DIELECTRIC 


To demonstrate the effects of the choke losses due to 
the use of teflon dielectric, the following relations are 
presented. The input resistance to a resonant transmis- 
sion line with a relative dielectric constant o! unity, is 


5 See Appendix. 
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Fig. 7—DC isolation unit built for 70 mc to 850 me operation (VSWR 
less than 1.5) using the choke coupling design described. 
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Fig. 8—Measured and calculated VSWR curves of 
the dc isolation unit of Fig. 7. 


expressed as 


RI GZ, 
Ring, = Zoek = + ) (10) 
D D, 
where 
R GZo 
a= —_— oe OG 
2Z YD 


Assuming that the dielectric constant is increased to 
¢,, the characteristic impedance Zo and length /, are 
both reduced by 1/+/e;. A dielectric-filled resonant line, 
assuming the same dielectric dissipation factor of equa- 
tion (10) will have the input resistance 


Rigen GZe 
EAS SG Ga 


R (11) 


Note that the copper loss term is reduced by 1/V as 
Furthermore, the dielectric loss term is reduced by a 
factor of 1/e,3/. 

In actuality, the dielectric loss is increased from zero 
to a finite value when converting an air dielectric filled 
choke to a teflon dielectric filled choke. However, the 
loss tangent of teflon is very small, Z) is small, and the 
dielectric loss term is also reduced by 1/e,32. Thus, in a 
practical case, instead of increased dissipation losses due 
to the use of teflon dielectric, the losses are reduced. 
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A Study of Multielement Transmission Lines* 
HIROSHI KOGO}+ 


Summary—Although many papers have been published on the 
subject of multielement transmission lines, the application to prac- 
tical problems seems rather inconvenient. The author proposes a 
solution to the general equations which relate the voltage difference 
between the lines and the mesh current. Under particular condi- 
tions, it is shown that only a single type of propagating mode exists. 
In this case, the solution has been obtained by the so called ‘‘decom- 
position method,” i.e., assuming several virtual two element trans- 
mission lines in lieu of the existing multielement transmission line. 
The problem has been solved by means of the resolved superposed 
virtual lines taking into account the existing boundary condition. 


INTRODUCTION 


APERS concerning multielement transmission 
p lines have been proposed by many authors.’~” 

However, the majority refers strictly to the gen- 
eral theory* and involve complicated matrix problems; 
the application of these results to simple practical prob- 
lems is inconvenient. There are some simple problems 
as, for instance, the coupling theory between two wave 
guides,*>7? three parallel conducting lines,*:* which is 
treated by balanced and longitudinal or by the right 
hand polarized, left hand polarized and longitudinal 
modes. However, there appears to be no paper concern- 
ing the practical calculations for the problem of more 
than four element transmission lines. 

We shall now propose another form of the multi- 
transmission line problem; in a particular case it can be 
easily solved by use of the “decomposition method,” 
1.e., by first assuming several virtual two element trans- 
mission lines concerned with the existing multielement 
transmission line. The problem has been solved by 
means of the resolved superposed virtual lines, taking 


* Manuscript received by the PGMTT, March 13, 1959; revised 
manuscript received, September 22, 1959. 

{ Faculty on Engrg., Chiba Univ., Chiba, Japan. 
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into account the existing boundary conditions. 
The following results were obtained: 


1) Generally, n-lines have (n—1) propagation modes, 
but in particular conditions they have only one. It 
is then possible to analyze most multielement 
transmission lines. 

2) The majority of multielement line problems gen- 
erally start from the fundamental linear differen- 
tial equations. However, the definition of the 
propagation mode derived from these has not 
been explained in terms of the Maxwell equations. 

3) As the propagation mode of the multiple line sys- 
tem, it may be questioned whether the TEM wave 
(perfect transverse wave) exists, and if it exists, 
whether the propagation made can be TEM. 
Moreover, in such a case, it is necessary to exam- 
ine the relationship of the line constants. 


A Stupy BASED ON ELECTROMAGNETIC WAVE THEORY 


For this analysis, a perfect conductor of uniform cross 
section shall exist parallel in the homogeneous dielectric 
medium; the distance between each conductor is as- 
sumed to be extremely shortened compared to the wave- 
length. On the uniform line of arbitrary cross section 
with the axis in the z direction, an electromagnetic wave 
will exist in the form, exp j(wf —6z). If all the conductors 
are perfect conductors, the electromagnetic field E,, H, 
must satisfy £,=0, 0H./dn=0 on these conductors. 

Accordingly £,#0, H,=0 (TM mode), £,=0 H,+0 
(TE mode) and E,=H,=0 (TEM mode) waves on the 
multiline, propagate in the general shielding line; the 
number of these modes has no direct relation to any line 
numbers. It is also evident that all modes are propa- 
gated independently due to their orthogonal properties. 
Furthermore, when the distance between these lines can 
be neglected compared with the wavelength, TEM 
waves alone will exist, as TE and TM waves will be cut 
off. Under these conditions alone can the relation be- 
tween the multiline equation and the Maxwell equations 
be found. 


The general equations of multilines are given as fol- 
lows: 


dV. 


: dl, 
=a rml m; = rm Un 
ae Peles ee el (1) 


where V, is the potential of line 7, J, is its current and x 
its directional distance for its transmission line. When 
this system transmits the TEM wave, the field can be 
derived from exp j(wt+8z), where B=w/ye. 

If Lim is the inductance per unit length and C,, is the 
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capacitance Zrm, rn Will be given by the following equa- 
tions: 


2rm = Cal pay Vrn = 9OCra- 
Accordingly, from (1) 


V,= ine SOS sem pee a + 


Ww 
m B n 
Then, from (2) 


Vv. = *y Tit > Grae 


m n 


The left term in the above mentioned equation is a func- 
tion for r alone. Therefore, 


Dati Gree 1 Se Can 0 


m 


(7 Fn) 


or 


2 
w2 


» 2rmVmr — ed iy 2rmVmn = 0 
m 


Cc” m 


(rAn) (3) 


where c is the light velocity. As a simple example, the 
three-line is considered: 


dV dV: 

ae == Zi, +2ml 2, = NS ae 

dx dx 

dI dls k 

— = yi Val oy YmVi + yoV 2. (4) 
dus dx 


From the above equation, the following equation can 
be obtained. 


d*V 
dx* 


avi 
Ts (Zy Vas gi 22mm AE Zoo) igh 


+ (21%. — 2m”) (yiy2 — Ym?)Vi = 0. (5) 


Putting Vi=exp yx, the solution can be obtained by 
calculating y. 


= + [yo? + V4 70! — 4(e122 — 2m?) (aya — Ym”)? (6) 


where 
yo? = E(zxy1 + 22mYm + 222) 


Substituting the relation of (3), we will obtain 


(69) 
211 + 2mm = 222 1 ZmYm = — a 
21m 1 Emy2 = 2myi + 22m = 9; (7) 
Te) 
y= trvoe=t ae (8) 
C 


In general multiple-element transmission lines, the 
matrix of the constant is written as follows: 


Y jefe YL may 


m=[ 
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The diagonal terms become Yu=Y22-°::*=‘7o and the 
excess terms will be Yw=Ya=Yu= °° -=0. 


GENERAL SOLUTION 


Eq. (1) in the previous section relates the voltage and 
current of each line. The voltage difference of the lines 
is used instead of the line voltage, because it is more 
convenient in connection with the intrinsic transmis- 
sion mode and also for handling this problem. Now, if 
Viz is the voltage difference between the arbitrary lines 
z and k, as shown in Fig. 1, then 


dV x dV; dV, 
dx dx dx a 


>, Zels = Lil) 
s=1 s=1 


and the current J, flowing on the line S is 
Anke 
dx 


= SS VE Vins (11) 
j=l 


where Z, is the series impedance per unit length and 
VY is the parallel admittance per unit length. 


Fig. 1—Voltage difference between arbitrary lines. 


From (10) and (11) 


aeVi, & : 
2 = ys pals. (12) 
dx? s=1 
where 
Iie = YS, (Zi; a Jb = Lig rm Ze) V5. (13) 


j=l 
Note: g and y in the previous section have the following 
relations: 
tg = Zin w= —Vun G4, ys = L' Va 
k 


Now, in (12), we will consider the k, 7 component 
H,j7* of H-+* based on the specific 7 to set up the diag- 
onal matrix from the similar transformation of Haine 


Vit = d, Bag Viz. (14) 


J 


From the above transformation, we obtain 


* By >> Has “VinHn't = D,'Vi', (15) 


aj 


a’V;,’ 
dx? 
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: Vii = A, exp / Dyix + B;, exp (—/D,'x), (16) 

dl; dl ix 

ge ae (17) 

dx m  Ohe kk 

2 “ Vix msi 

i raf V «dx = X Hy," Wik Vas (18) 

where 


Vi = A; exp VDjix — B exp (—VDj'x). 


Thus, if we adopt a pair of V;‘, Z;’, the actual current 
I, will be shown by the intrinsic transmission mode. 
And the calculation of the diagonal matrix will be ob- 
tained by a similar transformation as follows. 


[re = XU} = 0: (19) 


The eigenvalue D of transmission constant I’ based 
on the line 7 is shown by the unit matrix U and the un- 
known X. The K-component of characteristic column 
vector ¢’” belonging to this root D,, is shown as follows: 


xi” = Cy| (T? — Dnt) *| (20) 


where Cm is an arbitrary constant and (I'—D,,U)* is 
the cofactor of k-component in (I'*—D,,U). 


SYMMETRICAL LINE 


Using the above mentioned theory, we shall now carry 
out a simple exercise. There are three transmission lines 
placed parallel inside the shielding line number 4, as 
shown in Fig. 2. 

At first, the line equation is obtained as follows from 
(#2) and (13): 


2 Var Pine Pig*) Pala 
aa Viet = iG toe Dos td Va |= (TV ia Ob) 
a 

Vas Tait I'se* I'3s*} Vas 


Each element in I’ is obtained from (13). For instance, 


4 


rig a WA Se An 7A ATO Ae 


7=1 


= (Zaz Sp Ahh = AE Za1) Vo 
ss (Za + Zi Lie Z41) Vs1 


ate (Za4 AF Zu a Zi4 a Z41) Va. (22) 


Other I’;,‘can be acquired similarly. In a particular case, 
as when we consider the symmetrical line where the di- 
agonal terms are equal and the excess terms are also 
equal, we obtain the following equations: 
211 = Za = Z33 = Lo, Ziz = Log = Z31 = Lan, 
Var = Var = Yas = Vo, Vio = Vos = Voy = Ym. 


And, if we assume that the current flows only in the in- 
ner surface of the shielding line, 


Ey — O 
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Substituting these relations into I’;s* 
= ZoVo + 2(Zo = Ln) yy 
T'3;4 ae Lin’ 6 Siz (Zin —~ Zo) Yo. 


T2.4 = 


= 
| 


T4314 = 
T 24 = T'394 = 


Substituting the above mentioned equation into IT] 
of (12), 


a Bp a 
[rl=|6 a B (23) 
a 8 al 
where 
a = ZoVo+ 2(Ze — Zn) Vm, 
and 


B =3 bee N ie = (he a Zo) Vane 


This transmission wave has a and 8 mode, and because 
of its mutual coupling, it has complicated propagation 
characteristics. 

We now calculate the eigenvalue of the transmission 
line, 


B B a—X 


and obtain the root a+28 and the two degenerating 
roots a—8 as follows: 


A ote 28 = (eee 
de = CS B — (Zo me Za) (Yo a5 SY ae 


(24) 


It is difficult to find the line propagating the modes 
1 and dy as in the above mentioned equations, but in a 
particular case when it forms a symmetry, the roots can 
be acquired by the following method: 

1) The transmission line is chosen from a pair of lines 
4 and 1, 2, 3 combined as shown in Fig. 3. In this case, 
the admittance of a pair per unit length is 3 Yo, the self- 
impedance per unit length of each line is Zp), and the 
mutual impedance is 2Z,,. The series impedance per unit 
length of each line is Z)+2Zm as the current flows in 
both lines in the same direction. Therefore, the series 
impedance of three lines become (Z)+2Z,/3) and the 
parallel admittance is 3Y. Accordingly, 


Zo + 22m 
j= a (Fee ae 
This coincides with \, of (24). 

2) A pair of lines 2 and 3 is chosen for the transmis- 
sion line, as shown in Fig. 4. In this case, lines 1 and 4 
are fixed by the symmetry, and no current flows through 
the lines. The series impedance of lines 2 and 3 per unit 
length becomes 2(Z) —Z,) as the current flows in the op- 
posite direction. 
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Fig. 2—Three transmission lines placed in parallel 
inside the shielding line number 4. 


Fig. 4—A pair of lines 2 and 3. 


As the parallel admittance between lines 2 and 3 is 


Vote Von 
i 2 
Yoo Woe 
Ae = 2(Zo0 — Zn) ( Ym + ater 


I 


(Zo — Zm)(Vo + 3¥m). 


This coincides with dz in (24). Asa result, the actual line 
can be composed by choosing two lines, 1) and 2). Now, 
consider the result we obtain if the arbitrary line 1s 


adopted. ; 
3) A pair of lines 1 and 2, 3, 4 combined is chosen for 


the transmission line. In this case, \s is calculated as fol- 
lows from the same consideration: 
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2Vm 
=) (Yo + 2Vn). 


As = (2 — Zim 

Yo 
This value is not equal to both A; and de. Therefore, it is 
clear that finding the particular line is necessary for the 
intrinsic propagation. The solution of lines can be ac- 
quired from the above mentioned relations, and as these 
lines consist of four numbers, three equations must be 
prepared. For the case of 1), the voltage between line 
1, 2, 3 and 4 is calculated for Vi23-4, and for the case of 
2), the voltage between line 2 and 3 is calculated for 
Vo_3, and V3_2 is calculated similarly. 


Vies-4 = Arexp Vdix + Bi exp (—Vri2), 
Vom = Azexp —/\2% + Be exp (—V/nox) ' 
View = "Agexp /dox + Bs exp (— A/ Nia 5) 


The line equations can be solved when arbitrary con- 
stants are determined by using the boundary condition 
of the actual lines derived from the above mentioned 
equations. The relation between the actual possible 
transmission lines 1) and 2) and the intrinsic propaga- 
tion can obviously be obtained, as 1) and 2) are known 
in this example, but if the lines are unknown, the follow- 
ing method can be adopted. 

First, we shall obtain the following equations from 
(20) with regard to Ai and Xz. 


Ch a IN B 
oi j Dae 
p24) | = c(i) | — ‘ : 
retin B a—- 
B B 
Oe —wNi B 
| iL 
= 36%c(M1)| 1 (26) 
Li 
82) | 0 1 
tO | = 36?c(A2)} —1 | or 387c(Az) | —1 (27) 
3h) | 1 0 


Accordingly, we find the following relation between 
the voltages 21, V2, ¥3 acting as the intrinsic propagation 
and the actual voltages Vai, Vso, Vas: 


Vat 1 0 1 | ei 
v2 
l A 


Vest ses (28) 
| 


Vas 1 0 
where 
v1 = Aiexp / ik + By, exp (—V/ri2) 
Vo = Ae exp J Nok + By exp (—V/dox) 
03 = 


A; exp V/dox + B; exp (=-/rae)s 


140 


Thus, each actual voltage is shown as a function of 
V1, ve and v3, but when each equation is written only by 
one intrinsic propagation mode, the voltage is chosen 
as follows: 


V1 Oy mall v1 
Vij=|1 —0 -1]] 0 (29) 
Vi 1 i @ 0 
0 Oe! 0) 
—Ve|=;]1—-—1 —-1 V2 (30) 
V. 1) Pees tO 
V3 Fe Gane E 
Ee deestl le eetaft O2 2 (31) 
0 ie ik” 0) ie 


In this case, Vi=v1, V2=v2 and V3=v3. The above 
mentioned equations were arranged to relate them to 
the existing line, and (29) becomes the function to only 
di and (30) and (31) are the functions to only A». Name- 
ly, (29) and Vi23_4 of (25) are the same and they cor- 
respond to line 1). Similarly, (30) and V2_3 are the same 
and (31) and Vi_2 are the same, and both equations 
correspond to line 2). 


DECOMPOSITION METHOD 


The analysis on symmetrical lines has been described 
in the previous section. Thus, if we analyze the actual 
voltage as the decomposite voltage Vio3-4, Vo_3, Vi-e 
and so on, these will cause intrinsic propagation. 

In a specific case where the transmission mode is 
single, a similar consideration can be applied to the 
usual transmission line by developing the above theory. 
In general, the actual voltage V; will be given by the fol- 
lowing equation as the linear combination of the voltage 
vi, Where the particular lines 7, k are chosen for the trans- 
mission line and the line current is ceased except for the 
lines 2, k: 


Wa 


A; exp /roe + B; exp (—Vdox) = D> vn 
k 


I 


dD lawexp Wrox + biz exp (—Vdox)]. 


k 


(32) 


But ay, and bj, should be determined by the boundary 
condition in the multiline and not by 7 k lines independ- 
ently. The current in this case is shown as follows: 


tix = Voulan exp J doe — Bix exp (—Vror)]. (33) 


Where Yo, is the characteristic admittance between 7 
and k, it can be calculated by the following equation: 


Vou = ¢ Cx (34) 


where Cz, is the electrostatic capacity per unit length be- 
tween z and k and ¢ is the light velocity. 

We can now consider the ideal equation of the 2 trans- 
mission line which satisfies the condition as follows. Let 
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us first take the condition in which the current flows 
only in two arbitrary lines, namely the 7, k elements, 
with no current flowing in the other elements. Since the 
number of independent components of voltage or cur- 
rent is m—1, we will be able to find the other if we know 
the n—1 terminal voltage or line-current. 


ain exp Vox + dix exp (— Vdox) 
Vox | asx exp / Nox — be exp (—V/dox) | 


= Voudin. 


Vik 
lik = 
(35) 


In Fig. 5, the condition in which the current flows 
only between 7 and & is 


1; = 2 VYojidjr = 2 Vojr(vjs + vii) 
= 2 Voj1(x10%% — xx) = O. 
Therefore, 
2 Vosi(41 — x3) = 0 (36) 
where >.’ shows the total summation (1, 2, 3---, 7) 


except j, assuming x;=0 and x,=1. Eq. (36) is (7—2) 
linear equation concerning (n—2) of the unknown num- 


bers; '%1; Gs,“ + 5 Xn (except 7=42,2). 1 hatis 
a is You Yow -:- You V1 — You 
l 
You — Dt Vo21 x2 | = | — Vox 
l koe) 
Yoni Se bo Se Yon | Xn a Dine 
l 


Solving the above mentioned equation, if we add a volt- 
age x; times the 7.k. voltage between 7 and / lines, to 
all the / lines with the exception of 7.k., the line current 
except 7, 7 becomes zero. And the 7th line current be- 
comes 


i= DD’ Vout = ( ay Yeas) Dik. (38) 
l l 
We call such a line the “fundamental transmission 
line” with respect to the line element 7, &. We now di- 
vide the -line into m groups which are called line bun- 
dle Z (1, 2,++-+, g) and those bundles preserve the 
same potential as shown in Fig. 6. Namely, they are to 
be jointed to each line with a perfect conductor line of 
infinitesimal small diameter. Thus, we can deal with the 
mth transmission line. The characteristic admittance 
between B (1; 2,< =. ep)nandy. ti ae q) of the 
arbitrary line bundle is as follows: 


Pp q Dp q 
im = > >, inepa = S >> Voserider (39) 
b=1 l=1 b=1 l=1 
p q 
Yisp ==> > Vasa (40) 


b=1 l=1 
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Fig. 5—Condition in which current flows only between 7 and bk. 
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Fig. 6—Transmission line dividing some groups. 


The current 7g, which runs into each element Bd in the 
line bundle B and the current distributed factor a will be 


ipo = ys De LBeDa = ya! SD, Y opepaXDiBL 
D 4d Died 


(41) 
by SS Y opepaXpD ay De V opppaXD 
D d : D 4d : 
= = vi 
Se a eee 
D Dib) ca 


(42) 


ipo = QlBL. 


Also, the current 742 which runs into each element @ 
in the arbitrary bundle A except BL, is derived as fol- 
lows: 


pay De Voaada(XD Pa Ha) 


ia) ee 
Vie : 
mae x x hg ek Sy DD; Y opepaXd 


D bed 


(43) 


1BL- 


When the given 7 transmission line is considered as a 
line bundle A, B - - - M divided properly into m num- 
bers, it can be regarded as a two-transmission line; the 


characteristic admittance is derived by >’ Yorpxp for 
D 


any two-line BL. It may be called the fundamental 
transmission line on line element 7, k. In 1 transmis- 
sion line, many fundamental lines are found by various 
arrangements. Any transmission line can be formed by 
superposition of v%, 7% for a suitable fundamental 
transmission line (»—1), as the degree of freedom of an 
n-line is (1—1). 
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In this case, every line element must be used as an 
element of the fundamental line at least once. What 
(n—1) fundamental transmission line should be adopted 
is easily decided by analyzing it properly according to 
the given problem. 


EXAMPLE: “SPLIT COAXIAL-TYPE BALUN” AS 
A THREE-TRANSMISSION LINE 


Fig. 7(a) shows the equivalent circuit of the split co- 
axial-type balun terminating with Vis, Y23, Yi, neglect- 
ing the earth effect. This circuit can be decomposited 
from two types of transmission lines, as shown in Fig. 
7(b) and (c). 

By (40) and (42) in the previous section, the charac- 
teristic admittance and the current distributed factor 
a are shown as follows: 


V o13~2 = Yoa1 oF Y 023 
You 
a er 8 
You ar V 023 


Also, the voltage divider factor x2 from (37) is shown as 
follows: 


= > Voost2 = — Yon 
S 
You2 
Xo = ————— + 
Your + Yoos 


Relations between the voltage and the current in 
Fig. 7(a) are derived by superposition in (b) and (c). 


Voie : 
IE = = a eee ee lee ee 
Vore oe V 023 
In = ay 
V VY o12 
OSC Se) ae ee DO an aS 
You Se V 023 
Var = V2. 


Applying the boundary condition at the termination 
1=0, voltage and current at this surface are shown as 


follows: 
Ty = VieVo3 — (Vie + V31)V1 
f= (Var V93)Vo3 + VieVa1 


V 032 Youre 


VY os1 =f VY 028 


(Vio + Vos)01 


“a @ V 023 V o12 
pNSael eer ir eae 


—19 => —i( Tw a ) cot Blove => Vg1309 


V4 


Vs) Vo. 
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(a) 


(b) 


Fig. 7—Split coaxial type balun. (a) Construction. (b) Equivalent circuit. (c), (d) Decomposite circuit. 


Input admittance Yin is shown as follows: 


ay 
Ve >a 
V1 

(Vie aia Vo3)( V1 =F Ys13) =e Vo3V ie 


V 0237 VY 012” 


aoe EY 
(ee Vente ean Vane 


Vay Vis Vie 


In the case of symmetrical split, Yorr= Yoos, then 


AZ + 22 + Ze) 
4ZsL2 + Zikn + Lobe 


in 


where 
1 1 1 


Zi = ) La ) Zr = ————— 
Vio V3 Vor ar Vo13 


When a segment of the outer split cylinder is shorted to 
the central conductor, 


VYio= 0, then Vin = 4(Vo3+ Voi + Ys13), 
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putting 
Yo; + Ys1 = Vr 
Vin = 4(Ve + Yas). 


In other words, the input admittance is equal to four 
times the load Ye and slot admittance Y4i3. 


CONCLUSION 


The main object of this paper is to discuss transmis- 
sion modes and, under particular conditions where there 
is only one mode in the line, the adoption of the specific 
solution: the decomposition method. 

This analysis based on the decomposition method can 
be used to produce useful solutions for many complex 
practical problems, 7.e., balun, diplexer, etc. 
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Measurement of Relative Phase Shift at 


Microwave Frequencies* 
C. A. FINNILA, L. A. ROBERTSt, anp C. SUSSKIND§ 


Summary—A method is described for measuring the relative 
phase shift of microwave devices, such as traveling-wave tubes, 
which utilizes the serrodyne technique to transfer the measurements 
into the audio-frequency range. The method is used to measure the 
phase shift incidental to the variation of the dc potentials applied to 
the several electrodes of a 2- to 4-kmc traveling-wave tube. This 
method is particularly useful in coaxial systems, where accurately 
calibrated phase shifters (and attenuators without phase shift) are 
not available. 


INTRODUCTION 
i PROBLEM often encountered, when making 


relative phase-shift measurements at microwave 
frequencies through active devices, is the determi- 
nation of the phase shift between two signals whose rela- 
tive amplitudes may vary over some dynamic range. In 
such cases, the common method of comparing the two 
signals by a measurement in the shift of the null of a 
standing-wave pattern created by the two signals travel- 
ing in opposite direction through a transmission line 
cannot be conveniently used, because in such cases the 
* minima may not be very well defined. If the relative 
amplitudes of the two signals differ by 10 db or more, it 
becomes extremely difficult even to observe a minimum. 
The system to be described below avoids this difficulty 
by shifting the measurement to audio frequencies at 
which such large dynamic ranges can be readily handled 
with existing instruments. A similar technique has also 
been used for the measurement of the phase-shift 
characteristics of ferrites as a function of the applied 
magnetic field,! and although complex, proves to be 
quite workable and speedy. 

In the present instance, the method was (independ- 
ently) developed in an effort to measure changes in 
RF phase shift through traveling-wave tubes with 
changes in the several tube dc-supply potentials. Meas- 
urement of over-all phase shift was not necessary; only 
relative phase-shift measurements were needed. 

Phase characteristics of traveling-wave tubes must 
be known in the design of many systems: keeping inci- 

‘dental phase modulation within specified limits is often 
an important requirement. For instance, the phase char- 
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acteristics of a tube can be used to specify stability and 
hum level for its power supplies. In some cases traveling- 
wave tubes may be used for phase or frequency modula- 
tion, and phase shift must be accurately known. 

For the series of phase measurements reported here, 
the requirements on the phase-measurement system 
(see Fig. 1) were rather severe; a wide range of phase 
shifts had to be measured accurately. Because of the 
number of measurements needed, they had to be taken 
quickly to make useful results available in a reasonable 
time. Since the gain of a traveling-wave tube varies 
greatly for some changes in its supply potentials, it was 
essential that the phase-measurement system should 
not be affected by large changes in signal amplitude. 
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Fig. 1—Phase-measurement system. 


PHasrt- MEASUREMENT SYSTEM 


The key component in the phase-measurement sys- 
tem is a serrodyne frequency translator.? This device 
yields two stable microwave frequencies, fo and fyo+1 kc, 
as shown in Fig. 1. The latter signal is passed through 
the tube under test and mixed with fo; the difference 


2R. C. Cumming, “The Serrodyne frequency translator,” Proc. 
IRE, vol. 45. pp. 175-186; February, 1957. 
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frequency of 1 ke exhibits the same phase shift as the 
microwave signal fo+1 kc. In this way, the measure- 
ment of phase shift can be carried out at the audio fre- 
quency by a simple comparison with a standard 1-kc 
oscillator. The principal advantage of the serrodyne 
technique is that it allows the generation of a phase- 
stable 1-kc intermediate frequency. A traveling-wave 
tube of the same frequency capabilities as the one under 
test can be used for the serrodyne. Serrodyne operation 
can be best visualized as an approximation to contin- 
ually increasing phase modulation. If the phase of a sig- 
nal is increased or decreased at a constant rate, a con- 
stant shift in frequency is produced. No known elec- 
tronic device can continue to increase its amount of 
phase shift indefinitely, but if phase shift is increased 
steadily until 27 radians of phase shift has been pro- 
duced, the instantaneous-signal values will be the same 
as at 0° phase shift.* A quick return to zero at this point 
produces only a minor disturbance, and phase shift may 
be continued. Phase shift through many traveling-wave 
tubes is approximately proportional to helix voltage for 
phase shifts of well over 27 radians. Moreover, the nec- 
essary change in helix voltage does not appreciably 
change the tube’s gain, especially if the tube has more 
than the customary amount of attenuation between in- 
put and output. The serrodyne used here produces a 
shift of 1 kc in the signal passing through it when its 
helix is modulated by a 1-kc sawtooth wave of sufficient 
amplitude to produce 27 radians of phase modulation. 
All spurious-modulation components are lower by at 
least 20 db than the shifted signal. 

The path of microwave signals is shown by the thick 
line in Fig. 1. A conventional signal generator covering 
the frequency range of the tube under test is used. It is 
adjusted to give a proper signal input to the crystal 
mixer to produce linear mixing (1 mw for the crystal 
used). A directional coupler taps a small part of this 
signal and sends it through the serrodyne modulator 
tube. After being shifted in frequency in the serrodyne 
tube, the signal goes to an attenuator. Enough attenua- 
tion is used to insure that the signal at the mixer from 
this branch of the circuit does not reach a level sufficient 
to cause nonlinear mixing at any time during a test. For 
the crystal used, this signal has to be lower by at least 
20 db than that from the signal generator. Too much at- 
tenuation must also be avoided, since it results in the 
1-kc IF signal being too close to noise. 

After the attenuator, the signal passes through the 
tube under test, and then through a directional coupler 
to the crystal mixer, where a 1-kc sine wave is produced. 
The 1-ke signal passes through a narrow-band 1-ke filter 
(to remove spurious harmonic components) and is then 


* To be sure, a mechanical phase shifter can be used to increase 
phase shift indefinitely, but owing to mechanical limitations can 
only do so at a rate of a few radians per second, which is not a con- 
venient intermediate frequency. 
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amplified and applied to the phase meter. Since the 
signal often varies in amplitude owing to changes in the 
gain of the tube during a test, an amplifier with high 
output capability and low noise level is used. Since the 
phase meter can operate with signal-input amplitudes 
changing by ratios as high as 100:1, it is generally not 
necessary to change gain during a measurement series. 
The amplifier also has an adjustable phase-shift net- 
work which is convenient for setting initial readings. 

The phase meter measures difference in phase between 
the signals at its two inputs. Within the meter, several 
limiters are used to convert each input signal to a square 
wave. The metering circuit measures the ratio of the 
time during which one square wave is positive and the 
other negative to the total time of the cycle. The meter 
is calibrated directly in degrees of phase angle between 
the two inputs. It can be read to within +0.5° for any 
amount of total phase shift. With this phase-metering | 
method the input signals can have any waveforms, pro- 
vided the waveforms are such that they produce square 
waves with equal positive and negative portions after 
passage through the limiters. One way to insure that this 
condition is met is to make the input signals low- 
distortion sinusoids. 

In order to measure relative phase shift, it is necessary 
to supply a phase reference to the phase meter. This 
reference is provided by a stabilized 1-kc oscillator. The 
oscillator has to be quite stable, because any change in 
its frequency would be converted to a change in phase 
by the 1-kc filter used in the system. The oscillator out- 
put goes directly to the phase meter. As a by-product, 
the phase meter converts the 1-kc oscillator signal to a 
square wave. Part of this square wave is used to syn- 
chronize the sawtooth generator of the serrodyne 
frequency-conversion system. By this method, phase 
reference information is put into the microwave part of 
the system. 

The remainder of the required system is the unit 
labeled Element Modulator. This is a special de power 
supply that can be placed in series with any of the ele- 
ments of the tube under test. It is used to vary element 
voltages to the tube under test by known amounts while 
relative phase shift is recorded. 


TUBE MEASUREMENT 


As an example of the operation of this phase-measure- 
ment system, consider the results of measurements made 
on Huggins Laboratories Type HA-1 traveling-wave 
tubes. These are 10-mw, magnetically focused, general- 
purpose traveling-wave tubes capable of operation be- 
tween 2 and 4 kmce. Five of these tubes were tested to 
obtain average results. 

Relative phase shift as a function of 1) helix voltage, 
2) “grid” (actually a gridless beam-forming electrode) 
voltage, 3) anode voltage, and 4) collector voltage was 
measured. In addition, changes in phase shift caused by 
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changes in solenoid voltage (causing changes in the mag- 
netic focusing field) were measured. Measurements were 
made at 2, 3, and 4 kmc. The measurements, which 
covered a large over-all phase shift, were generally taken 
twice. The phase-shift control was shifted 90° between 
the two tests. The average of these two curves tended to 
cancel out some error from the phase meter as well as 
errors arising from short-range drift. 

Some of the details of the measurement procedure can 
be illustrated by a brief outline of a typical test. After a 
sufficient warm-up time, the signal generator is set at 
the proper frequency and its output to the correct value 
(1 mw). The proper attenuator is attached. The element 
modulator is next set for the range of voltages to be used 
and put in series with the tube element to be tested. 

Adjustments of the phase-measurement system are 
then made, partly with an oscilloscope that is also used 
to monitor system operation. First, the sawtooth gener- 
ator is set to 1 kc and synchronized with the 1-kc oscil- 
lator. Second, the sawtooth amplitude to the serrodyne 
tube is set. The oscilloscope is connected to the crystal 
output before the 1-kc filter. Starting from zero, the 
amplitude control is slowly increased and the develop- 
ment of the 1-kc sine wave is observed. The amplitude 
is set for minimum discontinuity in the detected wave- 
form. Next, the 1-kc amplifier gain is set to produce 
maximum output without distortion when the traveling- 
wave tube under test is also at maximum gain. (Gain 
often changes when the voltage to one of the tube ele- 
ments is changed.) Phase readings are then recorded for 
different values of voltage on the tube element under 
consideration. 


EXPERIMENTAL RESULTS 


The average curves summarize the data best. For the 
range of grid voltages covered, the change in gain was 
considerable and signal-to-noise ratios were poor for 
high values of negative grid voltage. Fig. 2 shows the 
fair agreement between several tubes as helix voltage is 
varied. Fig. 3 shows the same result, averaged over five 
tubes, but showing curves at three frequencies. 

The data for changes in collector and solenoid voltages 
resulted in phase shifts that were small, and showed 
relatively large variations between tubes, although the 
general trends were the same. 

Phase shifts resulting from changes in anode voltage 
and in grid voltage are shown in Figs. 4 and 5, respec- 
tively, again for the average of five tubes and at three 
frequencies. These curves are of considerable practical 
interest, as variations in either anode or grid voltage 
are, of course, the common methods of amplitude- 
modulating the tube. (Phase changes have also been ob- 
served as a result of changes in RF drive level, when the 
dc electrode voltages were fixed. These phase changes 
were observed not only near the saturation level of the 
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traveling-wave tube, where the effect is well known and 
is commonly ascribed to nonlinear beam behavior, but 
also 20 to 30 db below saturation. This observation is 
an extremely interesting by-product of the present 
measurement technique.) 


EFFECTIVENESS AND POTENTIALITIES OF 
THE MEASUREMENT SYSTEM 


The relative complexity of the phase-measurement 
system leads to some problems. The system is very 
sensitive. One-half degree of phase shift is noticeable. 
Poor operation of any component of the system leads 
to noticeable error, especially in the power supplies of 
both the traveling-wave tube under test and the serro- 
dyne tube. These were electronically regulated power 
supplies supplied from a regulated ac power source. 
Despite this precaution, short-term system drift often 
amounted to 3°. The drift seemed to be related to the 
power supplies. 

The phase meter itself contributed to error. It was 
rated for +2 per cent accuracy, which often amounted 
to +3°. The sign of the error often changed rapidly 
when crossing 0° or 180° meter readings. This type of 
error could not be reduced except by extensive altera- 
tions of the phase-meter circuits. The error did, how- 
ever, tend to average out when data were averaged for 
two phase-measurement tests with 90° of fixed phase 
shift inserted between them. 

Unfortunately, this system could not be checked for 
accuracy by comparison with a standard, since no 
standard of sufficient accuracy was readily available. 
Many of the individual components of the system were 
checked and corrected. They were thought unlikely to 
cause noticeable error. On the basis of constancy of re- 
sults, it is estimated that most of the phase measure- 
ments were within +3°. While this accuracy is suf- 
ficient for many purposes, greater accuracy would be 
needed for some uses, particularly in attempts to use 
phase data for a better understanding of the operation 
of the tube itself. If higher accuracy of phase measure- 
ments were necessary, a phase measurement system of 
this type could probably be constructed to give data ac- 
curate to within +0.5°. This accuracy would require a 
different type of audio phase meter and better power 
supplies. 

The primary advantage of this system is its speed of 
measurement. With manual meter readings, a tube can 
be completely tested in one day. In addition, the system 
can be readily adapted to mechanized data collecting. 
The phase meter could drive a data recorder, with its 
paper feed driving a potentiometer wired to the element 
modulator. Thus a phase curve could be recorded 
directly. The only reason why mechanized data record- 
ing was not used in the measurements described above 
was that the equipment had not yet been completed. 
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Fig. 2—Phase change for five tubes as a function of helix 
voltage, at a single frequency (3 kmc). 
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Fig. 4—Phase change for five tubes (average values) as a 
function of anode voltage, at three frequencies. 
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Fig. 3—Phase change for five tubes (average values) as a 
function of helix voltage, at three frequencies. 


= 


RELATIVE PHASE SHIFT (DEG) 
te} 


° 


A 
° 
° 


-200 


GRID VOLTAGE (rv) 
e =—30 -20 -10 0 


-150 
oO 
WJ 
S 
rer 
ue 
he 
ie) 
W 
D(-), 
oo 
a 
WW 
= 
| 
at 
| 
WW 
x 
) 
-450 


Fig. 5—Phase change for five tubes (average values) as a 
function of grid voltage, at three frequencies. 
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CONCLUSIONS 


A system of making relative phase measurements at 
microwave frequencies has been described. It is capable 
of making these measurements even if the signals to be 
compared differ widely in amplitude. Although the sys- 
tem is complicated, it can yield data quickly. Many of 
the components of the system are in rather general use 
in a microwave laboratory. The audio-frequency phase 
meter is probably the largest piece of special equipment 
needed. This system would thus seem to warrant con- 
sideration whenever a large number of phase measure- 
ments are needed. The system is especially worthy of 
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consideration where traveling-wave or klystron tubes 
are available for the frequencies of interest. 

Examples of phase characteristics of Huggins Labora- 
tories HA-1 traveling-wave tubes have also been given. 
This tube is typical of many traveling-wave tubes now 
in use. The curves show that fairly good filtering of 
traveling-wave-tube power supplies is needed to pre- 
vent spurious phase modulation. 
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Resonant Modes in Waveguide Windows”* 


M. P. FORRER}{ anp E. T. JAYNES{ 


Summary—Analysis and experimental verification of a class of 
resonant fields, called ghost-modes, occurring in waveguide dielec- 
tric windows are presented. Numerical solutions for a simple geom- 
etry are given through universal curves. Knowledge about ghost- 
modes has importance to designers of high-power windows. It also 
leads to a measuring technique for dielectric constants through a 
frequency measurement. 


INTRODUCTION 


HE general phenomenon of ghost-modes in im- 
“Pease waveguides, special cases of which have 

been noted before, was predicted by one of the 
authors. The present paper presents a quantitative 
analysis and confirming experiments of a class of ghost- 
mode resonances occurring in a particularly simple 
waveguide window, where exact analysis, using trans- 
mission-line theory, is applicable. A ghost-mode is a 
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resonant electromagnetic field configuration, existing 
in the vicinity of certain waveguide obstacles, such as 
dielectric windows. Its transverse field configuration is 
that of an ordinary waveguide mode and its resonant 
frequency lies below the cutoff frequency of the particu- 
lar mode in the unperturbed guide. Thus, the ghost- 
mode fields decay exponentially on either side of the 
waveguide obstacle and no energy travels away. Within 
the region of the obstacle the z-variation of the fields 
must have oscillatory character. 


ANALYSIS 


A window configuration simple enough to allow exact 
analysis is shown in Fig. 1. The dielectric slab shall be 
homogeneous and isotropic; the surrounding waveguide 
shall be straight and lossless, but its cross-sectional 
shape may be arbitrary. Under these assumptions the 
window does not introduce modal conversions, and 
analysis may proceed using conventional transmission- 
line theory. 


Fig. 1—Transverse dielectric slab window. 
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In the air-filled guide, the nth waveguide mode has a 
wave impedance 


% fP/Ran\ (1) 


Whe ven = ) 
: ban / RS 


where the upper and lower expressions within curly 
brackets relate to TE and TM modes, respectively. The 
quantities Z) and & are the free-space impedance and 
the free-space propagation constant. The waveguide 
propagation constant of the nth mode is kg, = VS RB? — Ben? 
We shall be interested in frequencies below waveguide 
cutoff. Here it is convenient to replace jk3, by the real, 
positive quantity Rgn’ = Wk.,2—? in all expressions. The 
wave impedance, for example, becomes 


R/ Ren’ 
poy = i204 ; \ ° (2) 
— Ran /R 


In the guide completely filled with material of dielectric 
constant e, one has 


R/Bn 
Lina a Zu} e \ ) (3) 
Bn/ eR, 


where 6, = Vek?—&,,2 is the propagation constant of the 
nth mode in the dielectric filled guide. 

The geometrical configuration (Fig. 1) has a sym- 
metry plane z=0. Any resonant fields, therefore, have 
symmetry properties with respect to z=0, which may 
be of an even or odd character. Analytically, advantage 
is taken of this fact by considering only the region z>0 
under the condition of an electric or magnetic short cir- 
cuit at z=0. 


CLIC SHOT AL 2—= 02 Zann (0) = 0 


Under this condition, the impedance at the dielectric- 
air interface (g=L/2) is 
Zun(L/2) = — jZyn© tan B,L/2. (4) 
Continuity of tangential field components at the di- 


electric-air interface requires continuity of wave im- 
pedance, 


Lean Lip 2) = Lisirie (5) 
Substituting (2)—(4) into (5) yields 


—Bn/ Ron’) 
€R3n’ /Bn i} 


(6a) 


tan-B,L/2 = ' 
(6b) 
Frequencies that satisfy this equation 


are the ghost- 
mode resonant frequencies. 
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Magnetic Short at 2=0: Zip 0) nee 


The impedance at the dielectric-air interface becomes 
ZL {IN = Zee Coupe ly 2s (7) 


and the continuity condition of tangential fields at 
z=L/2 leads to 


(8a) 


Bn/ Ran’ \ 
(8b) 


nL /2 = 
cot BrL/ ae 


Eqs. (6b) and (8a) always have at least one real solution. 
A field analysis shows that these solutions are charac- 
terized by even symmetry of their longitudinal field com- 
ponent. They will be called even modes, and the number 
N, of such solutions is determined by 


eee sb 
N,—1< Ve— 1 


=< Vy (9) 


2a 


On the other hand, (6a) and (8b) have real solutions 
only when e and Z exceed certain minimum values. Solu- 
tions obtained in such cases exhibit odd symmetry of 
their longitudinal field component, and will be called 
odd modes. In general, there exist Vo odd modes, if 


cn 


Negu<ory/ onan, < No +1. (10) 


T 


Resonant field patterns corresponding to the lowest fre- 
quency solutions for some simple waveguide modes are 
sketched in Fig. 2. The upper-right and lower-left hand 
patterns correspond to (6), the others correspond to (8). 

Eqs. (6) and (8) may be solved graphically by our 
plotting both sides of the equations as functions of fre- 
quency, k/k.n, and determining the points of intersec- 
tion. Such solutions, obtained for various values of e€ and 
kenL, are shown in Figs. 3 and 4. Typically, the TE reso- 
nant frequencies decrease faster than the TM resonant 
frequencies, as k,L is increased. All curves approach the 
value (R/Ren)res = € 1? for very large k-nL. This is true for 
both TE and TM resonant modes and is plausible from 
the fact that for very large k..L practically the entire 
field is confined to the inside of the dielectric, and 
resonances occur, in a well-known manner, when the 
dielectric is an integral number of half wavelengths long. 


EXPERIMENTAL VERIFICATION OF GHOsST- MODES 


The ghost-mode resonances derived above are experi- 
mentally verified by an arrangement shown in Fig. 5. A 
window sample was placed into the center of a three- 
inch ID circular waveguide section. Both ends of the ap- 
proximately two-foot long section were left open, since 
the modes of interest are below waveguide cutoff and 
have substantially decayed when reaching the open 
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Fig. 2—Sketch of the lowest TE and TM ghost-mode field patterns 
of an even and an odd symmetry. (The transverse field variations 
shown apply to TE:9 and TMu in rectangular guide or TEn and 
TMai in circular guide.) 
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Fig. 3—Universal curves showing TE ghost-mode resonant 
frequencies of a transverse dielectric slab. 
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Fig. 4—Universal curves showing TM ghost-mode resonant 
frequencies of a transverse dielectric slab. 
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Fig, 5—Ghost-mode experiment. 


CERAMIC DISC 
Al-200, E=8.79 


ends. Microwave energy was loosely coupled to the 
guide through an electric probe at the guide wall, ap- 
proximately four inches away from the dielectric. A sim- 
ilar probe, located on the opposite side of the dielectric, 
was connected to a crystal rectifier and an indicator. 
The coupling between the probes is small, so that strong 
indicator deflections occur only at resonance conditions 
in the guide. Such resonances, observed below 3 kmc, 
were identified as TE; and TM, ghost-modes, by ob- 
serving the transverse symmetries of the residual fields 
at the open guide ends with a small perturbation rod. 
To vary the slab thickness L, one or more ceramic 
discs (e€=8.79) of }-inch thickness were stacked up. 
The observed ghost-mode frequencies are marked on 
Fig. 6, which also contains the theoretical curves for 
the particular arrangement as a comparison. 

The approximate Q factors indicated were determined 
from the half-power bandwidth of the resonances. The Q 
factors generally decrease for larger slab thickness be- 
cause the resonant fields become more and more confined 
to the volume of the relatively lossy dielectric. 

The good agreement between theoretical and experi- 
mental data in Fig. 6 may be taken as a confirmation of 
the fact that the dielectric constant is known to good 
accuracy. Conversely, one might well make use of the 
described experiment to determine unknown dielectric 
constants of slabs by measuring a ghost-mode resonant 
frequency. Error analysis applied to the lowest TEu 
ghost-mode in our experiment yields 


a = — 15.5 (=) 
€ i res 


for a slab of 34-inch thickness (neglecting geometrical 
errors). Considering the precision attainable in fre- 
quency measurements, this appears encouraging. If the 
dielectric constant of the slab is large, a possible air gap 
5 between the dielectric and the waveguide wall may be- 
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Fig. 6—Ghost-mode resonant frequencies of ceramic discs (e=8.79) 
of various thickness Z. Curves are computed, dots are measured. 


come troublesome. It may introduce an error of the fol- 
lowing order of magnitude: 


( =) 1 ~ (6/a) 

(in 2 ea oe 

where a is a transverse waveguide dimension, e.g., wave- 
guide radius. 


CONCLUSION 


The phenomenon of resonant ghost-modes existing in 
the vicinity of a dielectric window has been discussed 
both theoretically and experimentally for the simplest 
geometry available. In practice, the ghost-mode reso- 
nances of some higher-order waveguide modes may co- 
incide with the operating frequency of the dominant 
waveguide mode. Since these modes are orthogonal, no 
coupling would be expected under ideal conditions. 
However, imperfections, such as a slight tilt of the win- 
dow, uneven thickness, or inhomogeneous dielectric may 
provide the modal coupling. 

Waveguide discontinuities (irises, couplers, bends, 
etc.) located in the vicinity of the window may also pro- 
vide this function. Since the ghost-mode resonances have 
high Q, only a small amount of coupling is required to 
produce appreciable resonant fields. 

High-power microwave signals are very likely accom- 
panied by harmonics. These harmonic frequencies may 
coincide with ghost-mode resonances, and coupling may 
be provided by imperfections or discontinuities. 

Appreciable excitation of ghost-modes may considera- 
bly lower the breakdown power of a waveguide window. 
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Rather than minimizing the coupling to these modes by 
close tolerances, the window designer may find the in- 
formation of Figs. 3 and 4 useful to avoid the existence 
of ghost-modes within the operating frequency range. 

Ghost-mode resonances may exist in dielectric win- 
dows of more complicated geometry than that discussed 
above. Examples include slanted dielectric plates and 
ceramic cones. Analysis of such configurations becomes 
complicated. Transmission-line theory is no longer use- 
ful, but the mathematical tool of a normal-mode ex- 
pansion may be employed and yields approximate re- 
sults.2 Such windows of increased complexity generally 
couple many waveguide modes together. A ghost-mode 
is, therefore, no longer a pure waveguide mode in its 
transverse field configuration. Moreover, if such a ghost- 
mode is strongly coupled to the propagating dominant 
waveguide mode, its external Q factor may become 
rather small, so that the resonance is less pronounced. 

The existence of ghost-modes in dielectric obstacles of 
arbitrary shape may be made plausible by the following: 
the insertion of dielectric material (e>1) into the guide 
effects an increase in “electrical cross section” of the 
guide, so that a wave may have propagating character 
(.e., oscillatory z-variation) within the length ZL of the 
obstacle, while it decays outside. The frequencies at 
which the impedance boundary conditions on both sides 
of the obstacle can be met are the ghost-mode 
resonances. ; 

Analysis of ghost-modes for any given window geome- 
try makes it possible to determine the dielectric con- 
stant of the material through a frequency measurement. 
Even without analysis, a ghost-mode resonance meas- 
urement may be useful as a uniformity test of dielectric 
samples. 

It is of interest to note the behavior of two windows 
(of the kind shown in Fig. 1) placed in the same wave- 
guide. If the distance between them is such that the 
ghost-mode fields overlap, there appear two resonant 
frequencies, one being slightly higher, the other slightly 
lower than the original ghost-mode resonance. The situ- 
ation is analogous to coupled resonant tanks. It may be 
analyzed by use of the same methods as were employed 
analyzed using the same methods as were employed 
above. Such analysis and corresponding experiments 
have been performed and show good agreement. This 
experiment is particularly interesting as it represents 
one of the rare cases where the coupling between reso- 
nant circuits may be found easily and accurately 
through analysis. 

Finally, it might be noted that the location of ghost- 
mode resonances represents a simple but unusually in- 
teresting laboratory experiment by which several as- 
pects of waveguide theory can be demonstrated in the 
teaching of microwave techniques. 


_°M. P. Forrer, “On the Boundary Value Problem of Waveguide 
Windows,” W. W. Hansen Labs. of Physics, Stanford University, 
Stanford, Calif., Microwave Lab. Rept. No. 575; March, 1959. 
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Temperature Compensation of Coaxial Cavities* 
J. R. COGDELL, A. P. DEAMt¢ anp A. W. STRAITONY 


Summary—This paper describes a technique for temperature 
compensation of coaxial cavities by controlling the capacitance be- 
tween the end of the center conductor and an end plate across the 
outer conductor. A formula is derived for this capacitance which is 
verified experimentally. Supplemental design data are also obtained 
experimentally. 


INTRODUCTION 


DROP-TYPE atmospheric refractometer oper- 
A ating at 403 mc has recently been reported by 

A. P. Deam.!” The sensing element for this unit 
is a coaxial cavity whose resonant frequency controls a 
Pound stabilized oscillator.’ In this cavity application a 
cavity which is tunable in the normal sense, over a wide 
bandwidth, is not necessary. Instead, the cavity is ef- 
fectively tuned by the atmospheric dielectric constant 
which is purposely vented into the cavity. Montgomery* 
has described the construction and compensation of co- 
axial cavities for tuning over a relatively large band- 
width. In the case of the frequency standard cavity, as 
the desired cavity might be considered, simpler bimetal- 
lic techniques may be employed to effectively utilize 
the capacitance discontinuity for compensation. 

In the design process, leading to cavity development, 
calculation of the absolute resonant frequency was de- 
sired with as great an accuracy as possible since no man- 
ual tuning would be allowed. Approximations® to the 
discontinuity at the open end of a \/4 cavity have been 
derived. However, none of these yields the accuracy de- 
sired, and an effort was made to represent the discon- 
tinuity more accurately. This discontinuity expression 
is included as part of the cavity design. 

The cavity chosen to be compensated is designated 
by Ramo and Whinnery® as a “foreshortened coaxial 
line.” The cavity, as shown in Fig. 1, is very similar to 
an ordinary quarter wavelength coaxial cavity and dif- 
fers only in that its outer conductor is extended past the 


* Manuscript received by the PGMTT, July 27, 1959; revised 
manuscript received, October 5, 1959. 7 

+ Lincoln Labs., Mass. Inst. Tech., Cambridge, Mass. Formerly 
at Elec. Engrg. Res. Lab., University of Texas, Austin, Tex. 

t Elec. Engrg. Res. Lab., University of Texas, Austin, Tex. 

1A. P. Deam, “An Expendable Atmospheric Radio Refractom- 
eter,” Elec. Engrg. Res. Lab., Rept. No. 108; University of Texas, 
Austin, Tex.; May, 1959. : 2 

2 A’ P. Deam, “An Expendable Atmospheric Refractometer,” pre- 
sented at URSI Convention, Washington, D. C.; May, 1959. ; 

3R. V. Pound, “Frequency stabilization of microwave oscilla- 
tors,” Proc. IRE, vol. 35, pp. 1405-1415; December, 1947. 

4C.G. Montgomery, “Techniques of Microwave Measurements, 
MILd. Rad. Labs Ser., McGraw-Hill Book Co., Inc., New York, 
N. Y., vol. 11; 1947. 

5 N. Marcuvitz, 


Pevole L095 f : 
ge Buca and J. R. Whinnery, “Waves and Fields in Modern 


Radio,” John Wiley and Sons, Inc., New York, N. Y., p. 415; 1953. 


“Waveguide Handbook,” M.LT. Rad. Lab. 


inner conductor for a short distance and closed with a 
conducting plane. When the gap between the center 
conductor and the endplate is small compared with a 
wavelength, it acts as a simple capacitance. The equiva- 
lent circuit which approximately represents the elec- 
trical properties of the cavity is that of a transmission 
line of length L, terminated with a capacitance. This 
circuit is shown in Fig. 2. The resonant frequency of the 
cavity is a function of the length of the center conduc- 
tor and the length of the end gap. Compensation re- 
quires that thermally-caused changes in the dimensions 
of the center conductor and gap produce opposing 
changes of equal magnitude in the cavity’s frequency. 


VACUUM LINE 


EXCITATION LOOP 


Fig. 1—Section of temperature-compensated cavity. 


Caner 
oe 


Fig. 2—Equivalent circuit of type II cavity. 


DESIGN 


When the cavity is resonant, in any plane, suscept- 
ances looking in opposite directions will be equal in mag- 
nitude and opposite in sign. At the plane of the end of 
the center conductor, the susceptance looking into the 
line will be that of a shorted transmission line of length 
L,, and the susceptance looking into the gap will be that 
of a simple capacitance. Equating these susceptances 
gives 

Da lente 


C 


Yo ctn 


= 2rf,C (1) 


where 
C=capacitance of end space in farads, 
Y)=characteristic admittance of coaxial line in mhos, 
c=velocity of light. 
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The end capacitance is kept small in these cavities and 
does not have a great effect on the frequency of the 
cavity. The length of the center conductor is, therefore, 
nearly one-fourth of a wavelength, and the following is 
a good approximation: 


Dalene us 2 ale 


C 2 C 


(2) 


ctn 


Substitution of (2) into (1) and rearrangement produces 


C 


= : 3 
Sr a ae (3) 
Ea 


The capacitance of the end configuration as shown in 
Fig. 3 will now be considered. A potential difference be- 
tween the plates is assumed, the fields in the enclosed 
space are determined, the surface charges are calculated, 
and the capacitance is evaluated by the familiar formu- 
fare 07 Vice 


Fig. 3—End capacitance configuration. 


A solution to Laplace’s equation suitable for the 
boundary conditions is 


V = (A, cosh Anz + B, sinh Anz)Jo(Anp), (4) 


where A, B,, and Xn, the separation constant, may take 
on any value. The boundary conditions are 


aa) Ve =0 (5) 

p=a Vae—s0) (6) 
z=L, VY = iV << 
In a/p 

= Or <p ae ih 

"In a/b Gee 7) 


A logarithmic potential distribution was chosen for 
(7) because this is the normal distribution in a coaxial 
line. Boundary conditions (5) and (6) can be satisfied if 


A, = 0, J o(arn) = 0, 

and boundary condition (7) can be satisfied if B,, sinh 
\,L, are made the Fourier coefficients of an expansion of 
(7) in Bessel functions. 
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2 b 
———— | f V op o(Anp) dp 
GI ANn®) 0 


@Vol,a/p 
pit fee 0 nN ’ 8 
+f eae oll 0) | (8) 


B, sinh \,L, = 


2V oJ (And) 


= : (8a) 
a7lna/bdr? sinh AnLyJ (And) 


The potential in the space is therefore 


2 WV oJ o(And) sinh AnZJ o(Anp) 
v= 
aunt. Ob, Og Ja NO) SIDE Nye 


The known potential defines the charge density on the 
surfaces, and the total charge on either plate can be 
found readily. The capacitance can be found by divid- 
ing the total charge on either plate by the total voltage, 
V». In an ordinary capacitor, the total charge on both 
surfaces will be equal. This is not necessarily true in this 
case, since a potential distribution was assumed at the 
plane of z=Z,. The total charges, in fact, are different 
and lead to different values for the capacitance. Con- 
sidering the charges on the smaller surface, the capaci- 
tance is calculated to be 


ArebI o(Aab)J1(Anb) coth nL, 
@?ly0/bn2J 12(And) 


is 


n=1 


(10) 
and the capacitance following from the charge on the 
larger surface is 


re > hea coth Agday 
a71,0/bn7J 17(An@) 


(11) 

n=1 

The two values differ by a factor of a/b with (11)giv- 

ing the larger value. It might be expected that the 

proper value for the capacitance lies somewhere be- 

tween those given by (10) and (11). Let the proper 
value be expressed by 


2 Ard (And) Ji(And) coth A, L 
C=) : (12) 
n=1 @71,4/bdn7J 17(An@) 


where 6 is an effective radius. The correct value for 6 
can be found by referring to (3) which shows that the 
cavity will have the same resonant frequency as an open 
circuited line of length L,+cC/Y. A coaxial line which 
is terminated in a circular waveguide operating beyond 
cutoff will have an effective length, L,+d. The apparent 
lengthening of the center conductor, given by the term 
d, expresses the effect of the discontinuity which is pro- 
duced at the plane where the coaxial line is terminated 
in the circular waveguide. 

As the gap length, L,, is increased, the term cC/ Vp 
should approach the value of d produced by the dis- 
continuity mentioned. This value of d may be deter- 
mined from formulas or tables and used to evaluate 6. 


1960 


As an example, consider an application to a specific 
cavity with inner and outer radii of 0.250 inch and 
0.84 inch, respectively. Previous experience of this 
laboratory shows that d is approximately 0.290 inch 
for cavities of this type. This value fixes the value of 6 
at 0.651 inch and gives a value of capacitance which is 
between those of (10) and (11). With these values, the 
resonant frequency of the cavity under consideration is 


f= 
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the outer conductor be made of cold-rolled steel 
(a2 ~12X10-*/C°), and L, be slightly less than a quar- 
ter wavelength, 7.05 inches, for instance. The solution 
of (17), using these values is shown in Fig. 4, and the 
correct value for L, can be seen to be 0.63 inch. This 
dimension, when substituted into (13a), shows that 


L,=7.025 inches will give the correct frequency of 
403 me. 


Are(0.651)c 


13 
J (0.2501) J 1(0.250An) a 


Ms 


Giese 


n2I12(0.840An) 


0. 
V0.80) 25 —— 
0. 


which reduces to 


C 


f= = = Hela) 
2(0.651) @, Jo(0.250\n)I1(0.250Xn) 


SMO)? coq An2J12(0.840Xn) 


Temperature compensation will now be considered. 
The rate of change of resonant frequency, f,, with tem- 
perature @, is given by 


df, ofr 
Oe ee = = 0), (14) 
do dL, dd aL, do 


The solution to (14) is of interest in the region of the 
resonant frequency, 403 mc, and the value of Ly (and 
therefore of Of,/0L,) does not vary widely even when 
L, is varied over a wide range. This justifies the fact 
that a constant, evaluated for (13a), can be used for 
Of,/OL, in (14). 

The derivatives of the two dimensions with respect to 
temperature can be evaluated easily enough. If the ex- 
pansion coefficients of the inner and outer conductors 
are denoted by a and a», respectively, then 


Gis 


= a ail, 


(15) 


and 


dL, 
f = a9(Lp + Ly) — arLp. 


(16) 


Substitution of these into (14) and rearrangement pro- 
duces 
Of, Of, 
Obey  Ls(ax'— a1) + L,(az) Lp 


= aiLy 


(17) 


Eq. (17) can be solved graphically for L, by evaluating 
df,/OL, as a function of L, from (13a), and plotting both 
sides of (17) against L,. As a further special case, let the 
inner conductor be made of invar (a1 ~ 52-10-2/C°), 
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Fig. 4—Graphical solution of (9). 


EXPERIMENTAL WORK 


Eq. (13a) was verified by making a cavity with a 
movable end-plate as shown in Fig. 5, and varying L, 
while noting its effects on the resonant frequency. A 
Pound stabilized oscillator was coupled to the cavity by 
a loop which was adjusted for critical coupling, and the 
frequency of the oscillator was monitored with a 
Gertsch FM-3 frequency meter as the gap distance was 
varied. Fig. 6 shows the result of such a test. Although 
the theoretical curve gives slightly lower values (of the 
order of 0.2 per cent) than the experimental curve, the 
shapes of the curves are similar; thus, the dimensions 
calculated from (13a) should produce compensation 
since only the slope of the curve is used in that calcula- 
tion. 

Two aspects of the cavity which could not be ap- 
proached analytically were investigated with the cavity 
which was constructed to verify (13). These were 1) the 
effect of venting the endplate, and 2) the effect of boring 
holes in the center conductor. A cavity used to sense the 
atmospheric refractive index might have both these fea- 
tures. The results of such tests are shown in Figs. 7 and 
8. From these it can be seen that the shape of the fre- 
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Fig. 5—Cavity with variable endplate in place. Fig. 8—Resonant frequency vs gap distance showing 
effect of boring holes in center conductor. 
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effect of venting endplate, Fig. 10—Long-time transient response. 
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quency vs gap-distance curve is not affected greatly by 
boring holes in the endplate and center conductor; 
thus, the compensation would not be affected markedly 
by these modifications. 


RESULTS 
Temperature Compensation 


A cavity was constructed with the following dimen- 
sions: 6 =0.250, a=0.840, L, =0.675, and L,=7.025 (all 
dimensions in inches). The cavity had a resonant fre- 
quency of 403.5 me, 0.2 per cent higher than (13a) would 
indicate, and an unloaded Q of 2280. 

The temperature compensation of the cavity was 
measured by placing it in a constant-temperature bath 
and measuring its resonant frequency as a function of 
temperature. The cavity temperature was varied from 
— 32°C to 53°C, and the temperature coefficient of the 
cavity was found to be 2.62 parts/million/C® under- 
compensation; i.e., the cavity frequency was lowered 
as the temperature was raised. This was a rather 
surprising result since an uncompensated invar cav- 
ity would be expected to exhibit a temperature coeff- 
cient of 1X10-*/C° undercompensation. The high co- 
efficient indicated one of two things: either 1) the invar 
center conductor had a higher expansion coefficient 
than advertised, or 2) some unexpected effect (such as 
eccentricity of the center conductor, for example) was 
present. Whatever the cause of the undercompensation, 
the gap length had to be shortened to compensate 


for it. This was done in steps until a final gap length 
of 0.376 inch produced a temperature coefficient of 
0.25X10-*/C° overcompensation, which was consid- 
ered satisfactory. Fig. 9 shows the effects of the various 
gap lengths on the compensation of the cavity. 


Transient Response 


During the temperature tests some data on the tran- 
sient response of the cavity were obtained. The cavity 
experienced a rise in temperature when it was inserted 
into the temperature bath. The response of the cavity 
showed two time constants, one associated with the 
transfer of heat to the outer conductor and the other as- 
sociated with the transfer of heat to the center conduc- 
tor. These time constants were measured to be 1.1 min- 
ute and 29 minutes, respectively. These results agree 
fairly well with the response determined analytically. 
As shown in Fig. 10, the cavity reached thermal equi- 
librium in about 2 hours after it experienced a change in 
temperature. 

It should be mentioned that these figures for the 
transient response are not those which would be experi- 
enced in actual use. When employed in atmospheric 
soundings, the rate of transfer of heat from the air to the 
cavity would be very slow so that it would be expected 
that the cavity would have essentially the same tem- 
perature throughout the center post and the body at a 
given time. Hence, the temperature compensation tech- 
niques described in this paper would be effective. 


A Graphical Method for Measuring Dielectric Con- 
stants at Microwave Frequencies" 
CHARLES B.FSHARPE} 


Summary—This paper describes a graphical method for measur- 
ing the real and imaginary parts of the dielectric constant «/eo=«’ —Jje” 
of materials at microwave frequencies. The method is based on the 
network approach to dielectric measurements proposed by Oliner 
and Altschuler in which the dielectric sample fills a section of trans- 
mission line or waveguide. In contrast to their method, the network 
representing the dielectric sample is analyzed in terms of the bilinear 
transformation 

pase aay 
ees eae 
The analysis proceeds from the geometric properties of the image 
circle in the I plane obtained by terminating the output line in a 
calibrated sliding short. 


ad — be = 4. 


* Manuscript received by the PGMTT, August 7, 1959; revised 
manuscript received October 9, 1959. This work was sponsored by 
the U. S. Army Signal Res. and Dev. Lab., Fort Monmouth, INK Ue 

+ The University of Michigan Res. Inst., Ann Arbor, Mich. 


The technique described retains the desirable features of the 
network approach but avoids the necessity of measuring both scatter- 
ing coefficients. As a result the procedure is more direct and, in the 
case of the TEM configuration, leads to an entirely graphical solution 
in which the complex dielectric constant can be read from a Smith 
chart overlay. 


INTRODUCTION 


HERE are many techniques for making dielectric 
measurement at microwave frequencies.' One of 
the more interesting methods proposed in recent 
years is that due to Oliner and Altschuler,’ in which the 


1 4, von Hippel, ed., “Dielectric Materials and Applications,” 
J. Wiley and Sons, Inc., New York, N. Y., ch. 2; 1954. - ; 

2 A Oliner and H. Altschuler, “Methods of measuring dielectric 
constants based upon a microwave network viewpoint,” J. Appl. 
Phys., vol. 26, pp. 214-219; February, 1955. 
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dielectric sample filling a section of waveguide is repre- 
sented by a two-port microwave network as illustrated 
in Fig. 1. In their method the scattering matrix of the 
network is determined at reference planes 7; and 7» by 
Deschamps? procedure or, when the network can be re- 
garded as lossless, by alternative so-called precision 
techniques. The complex relative dielectric constant 
e/€)=€' —je’’ is then obtained from either 


e/en = (V/Yo)* (TEM modes) (1a) 


or 
(V/V)? + (og/re)? 
1 == (Aog/Ac)? 


where the wave admittance Y in the dielectric relative 
to the wave admittance of the empty guide Y> is given 
in terms of the scattering coefficients by 


Sin)? Sie 
CLS —= Sire 


(1b) 


een = (H modes), 


(Y/Y)? avi (2) 


and Ao, and X, refer to the guide wavelength and the 
cutoff wavelength, respectively, in the air-filled guide. 


Fig. 1.—Dielectric sample in a waveguide and its equivalent circuit. 


Oliner and Altschuler point out that the introduction 
of the network point of view to dielectric measurements 
results i two major advantages over earlier methods. 
First, it becomes possible to employ precision techniques 
in the determination of the network parameters. For 
example, in Deschamps’ geometrical method, the image 
circle, representing the locus of points in the input re- 
flection coefficient plane as a sliding short is moved in 
the output waveguide, is determined by graphical 
averaging. Therefore, the center of the image circle and 
its radius, as well as quantities derived from them, can 
be determined to a higher degree of precision than that 
of a single data point. The second feature of the network 
method which can be exploited to advantage in dielec- 
tric measurements concerns the concept of invariance. 


pes & 2 Saeaay i eet of reflection coefficients and 
insertion loss of a waveguide junction,” J. Appl. Phys. 
pp. 1046-1050; August, 1953. pe Pel Nerees 
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Briefly stated, invariance in the present case refers to 
the method of microwave network representation or 
measurement which calls for a minimum number of 
physical length measurements. Thus, for the configura- 
tion illustrated in Fig. 1 it is possible to take advantage 
of the known symmetry of the network to reduce to one 
the number of required distance measurements. The 
single measurement required may be either the length of 
the sample, d (location invariant) or the location of the 
one of the sample faces, 7; or 72 (length invariant). The 
desirability of employing a distance invariant method 
lies in the fact that errors arising from physical distance 
measurements are generally greater than those resulting 
from the electrical distance measurements, assuming 
that corrections have been made for errors in the loca- 
tion of the voltage minimum caused by spurious dis- 
continuities if they exist. 

The purpose of the present paper is to describe a 
technique for measuring dielectric constants which re- 
tains the desirable features of the network approach but 
which can be accomplished more directly and with a 
minimum of computation. In the case of the TEM con- 
figuration, the dielectric constant can be obtained by a 
purely graphical procedure in which the desired complex 
constant is read directly from a Smith Chart. 


THEORY 


The dielectric-filled section of line or waveguide can 
be represented at reference planes 7, and 72 by the 
(ABCD) circuit parameters which relate the input and 
output voltages and currents, as defined in Fig. 1, by 
the matrix equation 


Vi AaeBallili Vs 
le laeeilltee @) 
Th C FONILGE 
where dA D—BC=1. If we take 


Z,= Vi/Nh, Z2, = Vo/To, (4) 


then a bilinear relationship is obtained between the im- 
pedances Z; and Z.: 


AZo+ B 


Chi Ds o 


This transformation has often been used in analyzing 
the properties of linear two-port networks. However, it 
will be more convenient in the present case to consider 
the network representing the dielectric sample in terms 
of a bilinear transformation in the reflection coefficient 
or I plane. Thus, if the input and output reflection co- 
efficients are defined, respectively, by 


Yo — VY; VYo— V2 
(= rae Ly) (6) 
Vo -eeY 3 Voae Ys 
it can be shown that 
al’, of b 
lr, = —— (7) 


= Cree 
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where 
ee iB YC / Vere D, 
b= A+ BY, — C/Yo — D, 
5 ON Seek 
€@d=A+ BY,+C/Y)+ D. (8) 


Reciprocity is assured if ad—bc=4. If the network is 
symmetrical, as in the present case, then b= —c. Eq. 
(7) is sometimes called the direct transformation to dis- 
tinguish it from the inverse transformation 


—dI,+ 0) 
Beare erate alee (9) 
Aly = @ 

The matrix composed of the (abcd) parameters might 
be termed the reflection matrix of the network. Al- 
though the transformation (7) has been used by Mathis’ 
and also by Bolinder,® employing a different normaliza- 
tion, it has not enjoyed widespread use as a tool in net- 
work analysis. As would be expected, the reflection 
matrix bears a close connection to the scattering matrix. 
It can be shown that, in general, 

2/d 
ji (10) 


= be aa We | b/d 
Sor Soe (ad — bc)/2d —c/d 


An obvious application of (10) is suggested in the Ap- 
pendix. The components of the reflection matrix trans- 
form in a manner very similar to the manner in which 
the scattering coefficients transform as a result of a shift 
in reference planes. Referring to Fig. 1, the reflection 
matrix at reference planes 7” and T is given by 


Ei | ee 0 ie "| sere 0 | 
Gadel 10) emiic ad 0 ett)’ 
where $1=2711/Xog, $2 =27l2/Xog, and the primed co- 
efficients are defined by 


(11) 


a b’ 
fee ok Tee (12) 
cT+d 


Returning to the problem at hand the (ABCD) matrix 
of the dielectric-filled section at reference planes 7; and 
T2 is 
sinh yd 
= v4 
} Coe Ly | Y sinh yd_ cosh yd 


AL 1B | cosh yd 
(13) 


from which (8) yields, 


4H. F. Mathis, “Some properties of image circles,” IRE TRANS. 
on MICROWAVE THEORY AND TECHNIQUES, vol. MTT-4, pp. 48-50; 
January, 1956. 

5 E. F. Bolinder, “Impedance and Power Transformations by the 
Isometric Circle Method and Non-Euclidean Hyperbolic Geometry, 
M.L.T. Res. Lab. of Electronics, Cambridge, Mass., Tech. Rept. 
312; June 14, 1957. 
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a= 2cosh yd — (VY/Yo+ Yo/Y) sinh yd, 
b= = = — (V/V Vo/ VY) sinh yd, 
d = 2 cosh yd + (V/Yo + Yo/Y) sinh yd, (14) 


where y=a+j@ is the propagation constant in the di- 
electric. A purely algebraic relation between Y/Y» and 
the (abcd) parameters can be obtained by forming 


a—d_ 14+(V/¥)? 


a= ‘ 
en iy, 


(15) 


This expression is entirely equivalent to (2) involving 
the scattering coefficients. The merit of the reflection 
parameter representation lies in the simplicity of Cl Sie 
as well as in the facility it provides in the geometric in- 
terpretation of the problem. Thus, it will be shown that 
I'z can be determined through a series of simple geo- 
metric constructions based on the image circle diagram. 
The desired dielectric constant then follows from (1a) 
or (1b). 

In the interest of generality we will proceed from the 
initial assumption that reference planes T and 7” are 
located arbitrarily with respect to the sample. Eq. (12) 
is first rewritten in the form* 


ac| 1 |? — bd +d ad — bc 
elnhem [Ea es oo 
cé|V\?—dd Ler+dJLleoc|r|?— ad 


where the bar over a quantity designates the complex 
conjugate and the primes have been omitted. One can 
determine the center of the image circle and its radius 
from (16) by inspection. Thus, when |r| =1, corre- 
sponding to a reactive termination in the output wave- 
guide, the first term in (16) will be a complex constant 
and the magnitude of the second term will be a constant 
for all values of reactance. Referring to Fig. 2, the center 
of the image circle in the I’ plane is 


ie a (17) 
cé — dd 
and the radius is 
4 
eee oe 


There are three points in the reflection plane which 
are of special interest. The iconocenter To =Sn=0/ ais 
the map or image of !=0 in the I’ plane. There are a 
number of geometric constructions which can be used to 
obtain the iconocenter once the image circle, and its 
center are known.**-® All of these methods make use of 


6 J. E. Storer, L. S. Sheingold, and S. Stein, “A simple graphical 
analysis of a two-port waveguide junction,” Proc. IRE, vol. 41, 
pp. 1004-1013; August, 1953. : ; ; 

7 F. L. Wentworth and D. R. Barthel, “A simplified calibration of 
two-port transmission line devices,” IRE Trans. ON MICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-4, pp. 173-175; July, 1956. 

8G. A. Deschamps, “A variant in the measurement of two-port 
junctions,” IRE TRANS. ON MICROWAVE THEQRY AND TECHNIQUES, 
vol. MTT-5, pp. 159-161; April, 1957, 
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Fig. 2—Construction of Ip and I’, and determination 
of reference angle 6a’. 


a calibrated short behind the network, and all but the 
last method referenced depend on a knowledge of the 
wavelength in the output waveguide. The other two 
points of interest in the reflection plane are Tp: =a/c 
and I’; = —d/c. These points have a special significance 
in the theory of the bilinear transformation and can be 
shown to mark the center of the isometric circles for the 
direct and inverse transformations, respectively.® 


GRAPHICAL ANALYSIS 


Once Io, and Ig, are determined, Ip, can be readily 
constructed by inverting Io, with respect to the image 
circle as illustrated in Fig. 2. The proof of this statement 
is contained in 


(lp — Te)To — Te) = R, (19) 


which follows from (17), (18), and the condition, 
ad—bc=4. The construction of the point I'y, follows in 
an analogous way, although in contrast to the previous 
case, the angle of I'y will depend on the choice of the 
output reference plane 7. It is convenient at this point 
to locate I’ symmetrically with respect to 7’ so that 
=. Assuming for the moment that 7 has been so 
located, the symmetry of the network representing the 
dielectric then guarantees that b= —c, and I'y can be 
determined graphically by constructing the reciprocal 
of To. This construction is also illustrated in Fig. 2. It 
is interesting to note that I';, is also the inverse with re- 
spect to the unit circle of [y= —é/d, which is the map 
in the output T' plane of the center of the image’ circle, 
Ic, via the inverse transformation (9). 


S ° E. F. Bolinder, “Impedance and polarization-ratio transforma- 
tions by a graphical method using the isometric circles,” IRE TRANS. 
ce THEORY AND TECHNIQUES, vol. MTT-4, pp. 176-180; 

uly, : : 
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The location of T is accomplished by noting that when 
b= —c, the point A = —1 maps into A’ at 


{eae 
WAe ean 


The reference point A’ on the image circle is determined 
by the angle 64, =arg I'4’, which can be constructed from 
Tp and Ty, as shown in Fig. 2. Thus, in order to guar- 
antee symmetry one locates T at that position of the 
short in the output waveguide which establishes a volt- 
age minimum at a distance 1= (4 —O4'/)Nog/4m from T’ 
toward the generator in the input waveguide. It should 
be noted that this procedure establishes T only to within 
a multiple of half a wavelength. However, an approxi- 
mate knowledge of the location of the sample suffices to 
remove any ambiguity. 

At this point it is desirable to distinguish between the 
location invariant and the length invariant procedures. 
In the location invariant procedure, 7” is located at an 
arbitrary point in the input waveguide, and T is deter- 
mined from symmetry considerations as described 
above. The distance to the sample faces is calculated 
from 1,=l,=(w—d)/2, where w and d are defined in 
Fig. 1 and are assumed to be known. It then remains to 
transform Ip, and I; to reference planes 7; and 7» at 
the sample faces. If Tp, and Ty denote the isometric 
centers relative to planes 7’ and 7, and Ip and I the 
corresponding quantities relative to planes 7; and 7», 
then it follows from (11) that 


Tp — eJ¢T'p:, 


(20) 


i 


1B; = eT 7, 


(21) 


where ¢=(w—d)7/\,. The transformation of reference 
planes and the construction of I'x, which is the average 
of T and T;, is apparent from Fig. 3. In the case of a 
TEM structure, the desired dielectric constant can be 
read directly from a Smith Chart overlay, in view of 
(1a) and (15), by constructing the point 

Tp = 


igh (22) 


This construction is also shown in Fig. 3. 

In the length invariant procedure one makes the ini- 
tial assumption that the front face of the sample can be 
located accurately by physical means, thus making 
T’=T,. This amounts to a trivial distance determina- 
tion, which, in rectangular waveguides, can be readily ac- 
complished by mounting the sample in a shorting switch. 
Since the analysis proceeds from the assumption of sym- 
metry, no distance measurement is required in the length 
invariant case and the actual location of reference plane 
T is of no interest. The points "gz and I'y are derived 
directly from Ip, and I’;, as determined in Fig. 2 without 
shifting reference planes. 

When the loss tangent of the dielectric is relatively 
small, the graphical method will give rather poor per- 


1960 


Fig. 3—Shift of reference planes and construction of Ty. 


centage accuracy in the determination of e¢’’. In this 
case it is advisable to determine e’’ independently. This 
can be done most simply by using the already deter- 
mined image circle to calculate the intrinsic insertion 
loss of the dielectric.!° The necessary formulas are listed 
below for the convenience of the reader. If p= | Tq| is 
the distance of the center of the image circle from the 
origin of the reflection plane, it can be shown that 


Wea eae +R? — P+ V0 — RB ai} s 
Ja +R) p— VR) 


Knowing e’, the desired e’’ is then obtained from either 


Se 


(2) ee (=) (TEM modes), (24) 
We — —)é modes), 
: 21 / ad : 


where ) is the free-space wavelength or 


arog V{L + Oon/re)*le’ = Qoe/¥0)* ay modes), (25) 
z 1 + (Aog/Ae)” 


10 K, Tomiyasu, “Intrinsic insertion loss of a mismatched net- 
work,” IRE TrANs. ON MICROWAVE THEORY AND TECHNIOUES. vol. 
MTT-3, pp. 40-44; January, 1955. 


Sharpe: A Graphical Method for Measuring Dielectric Constants at Microwave Frequencies 


159 
if 
1 
’ << e — ———————__;: (26) 
1+ (Ac/Nog)? 
APPENDIX 


It is well known that repeated bilinear transforma- 
tions can be expressed in terms of a matrix product. 
Thus, if 2 linear networks are connected in cascade as 
shown in Fig. 4, the reflection matrix of the combination 
is given by 


sel 
Dead 


be 
DANG 


Fig. 4—Cascade connection of linear, bilateral two-port networks. 


The factor of 2"—! guarantees that ad —be= 4 if a,d;—) ic; 
=4,i=1,2,3,---,. The problem of determining the 
scattering matrix of a cascade connection of networks is, 
therefore, reduced to a systematic and relatively direct 
procedure through the use of (27) and (10). In this ap- 
plication the reflection matrix bears a close resemblance 
to the transmission or J matrix,!' as might have been 
a/2 


anticipated from 
—¢/2 
=| ; | 
—b/2 d/2 


uC, G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles 
of Microwave Circuits,” M.I.T. Rad. Lab. Ser., McGraw-Hill Book 
Co., Inc., New York, N. Y., vol. 8, p. 150; 1948. 


(28) 
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Wide-Band Strip-Line Magic- I" 


E. M. T. JONESt 


Summary—This paper presents theoretical performance calcula- 
tions of a novel form of wide-band strip-line Magic-T that uses two 
dual strip-line band-pass filters. When all four ports are terminated 
in the same impedance, the VSWR at each port is less than 1.47 over 
a 2:1 frequency band, while the isolation between opposite ports is 
greater than 20 db over this frequency band. 


INTRODUCTION 


HE fundamental characteristics of distributed- 
“eee hybrids, which function as Magic-T’s, were 

described by Tyrell! in 1947. Since that time, a 
number of workers have described the performance of 
practical wide-band realizations constructed in coaxial 
line? and strip line.» The best reported performance 
of these Magic-T’s was obtained by Alford and Watts,’ 
who quote for their coaxial-line model, operating from 
100 to 200 me, isolations of greater than 45 db and 
VSWR’s of less than 1.4 at any port. 

This paper contains a theoretical analysis of a new 
type of wide-band strip-line Magic-T. A schematic dia- 
gram of this device is shown in Fig. 1. It is seen that 
ports 4 and 3 and ports 4 and 2 are connected by means 
of transmission lines of characteristic impedance Z and 
electrical length @. Port 1 is connected to port 2 by 
means of a band-pass filter® having image impedance 
Zo’ and image phase shift 8, while port 1 is connected 
to port 3 by a band-pass filter which is the dual of that 
connecting ports 1 and 2. It has image impedance Z, and 
an image phase shift 6+180 degrees. The definitions® 
of these quantities are 

DLigeLeooilad 


Zs= » or, the 
[(Zoe— Zoo)? — (Zoet Zoo)” cos? g]12 


image impedance of the filter with the pair of 
shorted strips. 


* Manuscript received by the PGMTT, September 2, 1959. The 
work described in this paper was sponsored by the USASRDL under 
Contract DA 36-039 SC-74862. 

j Stanford Research Institute, Menlo Park, Calif. 

1W. A. Tyrell, “Hybrid circuits for microwaves,” Proc. IRE, 
vol. 35, pp. 1294-1306; November, 1947. 

® T. Morita and L. S. Sheingold, “A coaxial Magic-T,” IRE TRANS. 
ON Microwave THEORY AND TECHNIQUES, vol. 1, pp. 17-23; No- 
vember, 1953. 

*V. I. Albanese and W. P. Peyser, “An analysis of a broad-band 
coaxial hybrid ring,” IRE Trans. on MicrowAvE THEORY AND 
eee vol. o eae October, 1958. 

. V. Tyminski and A. E. Hylas, “A wide-band hybrid ring for 

UHF,” Proc. IRE, vol. 41, pp. 81-87; January, 1953. 7 ‘3 

° A. Alford and C. B. Watts, “A wide-band coaxial hybrid,” 1956 
IRE NationaL ConvENTION REcorD, Pt. I, pp. 171-179. 

_ ®E.M.T. Jones and J. T. Bolljahn, “Coupled-strip-transmission- 
line filters and directional coupler,” IRE Trans. ON MICROWAVE 
THEORY AND TECHNIQUES, vol. 4, pp. 75-81; April, 1956. 

"The subscript s applies to the filter with the pair of short-cir- 


cuited strips, while the subscript 0 applies to the filter with the pair 
of open-circuited strips. 


Zoe= Characteristic impedance of one coupled 
strip, measured with respect to ground, 
with equal currents flowing in the same 
direction. 

Zoo= Characteristic impedance of one coupled 
strip, measured with respect to ground, with 
equal currents flowing in opposite directions. 

Zo=LoeLoof Ze, Or, the image impedance of the 
filter with the pair of open-circuited strips. 

6 = Electrical length of each band-pass filter and 
each line of characteristic impedance Z. 


P= yeu | (Zee) 


cos | image phase shift of 
(Zoe—Zva) 


the filter with the pair of open-circuited 
strips. 

8+180° =Image phase shift of the filter with the pair 
of short-circuited strips. 


Fig. 1—Schematic diagram of a wide-band strip-line magic-T. 


At midband, where @=90°, it is seen that 8 is always 
equal to 90° for arbitrary values of Z,. and Z... If one 
chooses Z,. and Z as 


Zoe = Z(/2 + 1) 


Lope Zin) (1) 


then, Z,=Z,=Z at midband. If, in addition, the values 
of the four terminating impedances satisfy the relation 


(2) 


then the Magic-T is perfectly matched at midband at 
all ports and, hence, has perfect midband isolation be- 
tween ports 1 and 4, and ports 2 and 3. Inspection of 
Fig. 1 shows that ports 2 and 3 are equivalent to the 
through arms of a waveguide Magic-T while ports 1 and 
4 are equivalent to the ports on the series and shunt 
arms, respectively, of a waveguide Magic-T. At fre- 
quencies other than the midband frequency, the various 
ports will not be perfectly matched and the isolation 


221 =2,=Z2 
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between opposite ports will not be infinite. Nevertheless, 
as will be shown later, the calculated performance of this 
Magic-T is quite good over a 2:1 frequency band. Cal- 
culations are also presented for cases when the various 
impedances are different from those defined by (1) and 
(2). It is shown that optimum performance over the 2:1 
frequency band is obtained when Z,/Z = Z2/Z =0.8024 
and Z,/Z=1.0785 at midband. 

The performance of these Magic-T’s as a function of 
frequency is analyzed here in terms of the well-known 
ABCD matrices of the individual networks within a 
’ particular Magic-T. These matrices are listed in Table I 
for reference. 


TABLE I 
ABCD MatRicEs OF THE INDIVIDUAL NETWORKS IN THE Macic-T 
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The techniques used to compute the input impedance 
of any port and the output voltages at the other ports 
will now be illustrated for the case when port 1 is ener- 
gized. Fig. 2 shows the Magic-T of Fig. 1 redrawn in a 
convenient form for computation of the input imped- 
ance of port 1 and the isolation between ports 1 and 4. 


Fig. 2—Magic-T equivalent circuit used in computing 
voltages at ports 1 and 4. 


Here the matrix elements of the upper network are 
given by 


Bu 
Du 


= 


= |Ms;| x |M.| xX |Ms|, (3) 
Cu 


while those in the lower network are given by 


Br 


=|m.|x|m|x|ml. @ 
Da 


Fe 
Ci 


The voltages and currents at the two ports are related 


| by 
| | 6 | jZsiné 
e— g —>| | as : | jZ sin a | us | Va Ane Bela 
C3 haa e | i cos 6 
Z mane Tv = CoVa t+ Dulas (5) 
~ and 
kK— 3 + Sabet lf 
a Se i ae [= lar Vi = AiVe+ Bulan 
sin 
| fS— | es 
as | 1 Z| : Lar, Gr Vie) plas (6) 
7 
y ~The currents J4y and Juz are related as 
= 180° me ! 
— Ie B = + | —cos8 | —jZ.sinB | _ | Ms (Lay + Lar)Z1 = Va. @) 
eae Sans 
—j—— —cos B 
SS aL a When (7) is substituted into (6) and (5), one finds that 
Za ae Z _ the input impedance Zina at port 1 is 
ByB, 
AvB, + BuAt + 
es (8) 
EEE = ae Be 3 cap) ByDrz ++ DyBr 
eee een, 2 B.Cy Dod, + DiAy - ———___ 


Z1 
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The input impedance at port 4 when port 1 is terminated 
in Z, is easily determined by replacing, in (8), Au by 
IDE. Dy by Ay, Az, by Dz, and Dz by At. 

It is easy to show that the ratio of Vi/ Vs when port i 
is energized is given as 


By Br 


Vi Zi 
V4 


+ AyB, + AxrBu 


(9) 
Bipacby 


The ratio Vi/ V1 when port 4 is energized is determined 
by replacing, in (9), du by Du and Ax by Dz, which 
shows that in general these ratios are slightly different. 
The actual insertion loss, J.L., between ports 1 and 4, 
is independent of the direction of propagation through 
the network and is given by 


Bees 2 
+ AyB,+ AxrBy 
is : 2 
ied | 1+ Tin | 85 ye Nake: 
(10) 
or 
Bee 2 
+ Do Pip ULba 
1 Tap 
IE ll = ') 
[1+ Tin | B,+ Bu 
where 
Vad O Nee Bae 
ie eee 
TM ot Z 
IP es = | See a ee 
Zin(4) + 21 


Eq. (10) predicts that the insertion loss between ports 
1 and 4 is infinite only when Z,=Z,=Z. 

The voltage at port 3 when port 1 is energized is de- 
termined with the aid of the circuit in Fig. 3. The 
matrices in this circuit have the values 


Al 8’ 
a iD, 


= |mM.| x | m| x | Ms] x | an| x [an] an 


and 
| As Bs | 
= Ms. 
hy dak, | 
The voltage ratio V3/V; is 
V3 B' + Bs 
= — ; G12) 
Vi B'Bs 


+ A’By + AsB’ 


2 
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The voltage at port 2 when port 1 is energized is deter- 
mined with the aid of Fig. 4. The matrices in this circuit 
have the values 


PA Ba 
| (Cie ip’ 
= |M;| x |M2| x || x | wm] x | Ml, (3) 
and 
A B 
| 4 ne heed AP 
(Cn Ds 
The voltage ratio V2/V1 is 
Vo BY + Bi 


= (14) 
Vi B'B, 


+ A" Bat AxzB” 


Fig. 3—Magic-T equivalent circuit used in computing 
voltages at ports 1 and 3. 


Fig. 4—Magic-T equivalent circuit used in computing 
voltages at ports 1 and 2. 


The input impedance of the other ports and the volt- 
age transfer coefficients between the various ports when 
a particular port is energized may be written by inspec- 
tion using the above technique. One interesting result 
of such a procedure is the fact that the insertion loss 
between ports 2 and 3 is infinite only when Z,Z, = Z? and 


6=6=90°. This condition is satisfied at midband for all 


the Magic-T’s discussed here. 

The electrical performances of five Magic-T’s have 
been computed on a high-speed digital computer using 
the above formulas. The important electrical parameters 
of these structures are listed in Table II. The input im- 
pedance at the four ports of these Magic-T’s are plotted 
in Figs. 5 through 9. It is observed that in all cases the 
real part of the input impedance of a port is a sym- 
metrical function of frequency while the imaginary part 
is an antisymmetrical function of frequency. Further- 
more, the input impedance at each of the various ports 
of any one Magic-T has a different variation with fre- 
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Magic-T Magic-T Magic-T Magic-T Magic-T 

Number 1 Number 2 Number 3 Number 4 Number 5 
Zise/Z 2.414 2.550 2.550 2.550 2.550 
Zao Zh 0.414 0.392 0.392 0.392 0.392 
Za Z 0.500 0.500 0.6350 0.7407 0.8024 
Zxf/Z 1.000 1.000 1.000 0.8696 0.8024 
Z,/Z (Midband) 1 1.0785 1.0785 1.0785 1.0785 
Z;/Z (Midband) 1 0.9272 0.9272 0.9272 0.9272 
8 (when Z,/Z =Z,/Z) 90° 90° +30.7° 90° +30.7° 90° +30.7° 90° +30.7° 
6 (when Z,/Z =Z,/Z) 90° ONS s=n02 OL Ea O02 297° 90° +22° 


+ 
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Fig. 5—Input impedance of Magic-T 1. 
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quency since this device has no electrical plane of sym- 
metry. 

Magic-T 1 is designed to be matched at all ports at 
midband. It also has infinite isolation between ports 1 
and 4 and ports 2 and 3 at midband. The input match at 
the various ports deteriorates at frequencies above and 
below midband. At the edges of a 2:1 frequency band 
the VSWR at port 4 rises to 2.55. 

Magic-T 2 was designed to have perfect isolation be- 
tween ports 1 and 4 at @=90°+ 22° and approximately 
equal isolation between these ports at the center and at 


ome 


co}] 


0.02 ano LOAG 
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the edges of a 2:1 frequency band. As mentioned before, 
it also has perfect isolation between ports 2 and 3 at 
@=90°. The frequency variation of the isolation be- 
tween these pairs of ports is shown in Fig. 10. It is ob- 
served that over a 2:1 frequency band the isolation 
between ports 1 and 4 is always greater than 24.8 db, 
while the isolation between ports 2 and 3 drops to 22.2 
db at the edges of such a band. The input impedance of 
the various ports is quite similar to that of Magic-T 1, 
and at the edges of a 2:1 frequency band the VSWR at 
port 4 rises to 2.45. 


-—~ wwe 


L 

0.01 NTHs Tow, 
0.05°WARD 

0-46 


eee 


Fig. 6—Input impedance of Magic-T 2. 
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The internal structure of Magic-T 3 is the same as 
that of Magic-T 2; however, the terminating impedance 
Z, at ports 1 and 4 has been changed to improve the 
match at these ports. The input impedance of this 
Magic-T is shown in Fig. 7. The VSWR at the various 
ports of this filter is less at the edges of a 2:1 band than 
in Magic-T 2. The highest VSWR at the edge of the 
band is 1.93 measured at port 4. 

The internal structure of Magic-T 4 is the same as 
that of Magic-T’s 2 and 3. The impedances Z; and Z2 
have been chosen to give a perfect match at port 1 when 
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§=90° + 22°. The input impedance plot of this Magic-T 
in Fig. 8 shows that this technique considerably im- 
proves the match at all ports. The maximum VSWR of 
1.58 at the edges of a 2:1 band occurs at port 4. 
Magic-T 5 is the same as Magic-T 4, except that it has 
equal impedances at all the ports whose value is the 
geometric mean of the values of Z; and Z» in Magic-T 4, 
The input impedance of this Magic-T is shown in Fig. 9. 
Its frequency variation of input impedance is less than 
that of any of the other Magic-T’s. Furthermore, the 
total impedance excursion at each port as a function of 
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Fig. 7—Input impedance of Magic-T 3. 
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frequency is quite similar over a 2:1 frequency band. 
Hence, it is believed that the parameters of Magic-T 5 
are essentially optimum for a 2:1 frequency band of 
operation. The isolation between diagonally opposite 
ports is plotted in Fig. 10. It is seen that the isolation is 
quite similar to that of Magic-T 2. 

In many applications the most pertinent parameters 
of a Magic-T are the input impedance of the various 
ports and the isolation between opposite ports (1.e., be- 
tween ports 1 and 4 and ports 2 and 3). However, it is 
sometimes desirable to know approximately the ratio, 
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R, of wanted to unwanted voltages at ports 2 and 3 
when port 1 or 4 is energized, or the ratio of wanted to 
unwanted voltages at ports 1 and 4 when port 2 or 3 is 
energized. This ratio R is V3/Vy when port 1 or 3 is 
energized and Vy/V, when port 4 or 2 is energized. 
Here V; is the balanced voltage and Vy the unbalanced 
voltage.* An approximation to R can be obtained by the 


8 When port 1 or port 4 is energized, Vs=|Vs—V2|/2 and 
Vo =|Vs+V2|/2. When port 2 or port 3 is energized Vs= | Vi— Vi| /2 
and Vy=|VitV:| /2. 


MAGIC-T NO.4 


| mcic-t x04 | ; 


Fig. 8—Input impedance of Magic-T 4, 
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simple procedure outlined below. Inspection of Fig. 1 
shows that when port 1 is energized 


V7 V2 [Woe Vi 


= Sta 115 
ae Z2 Zo bes. ( ) 
or 
Vi Dae ev go AZ 
wae ae Ve Ss (16) 


Za Zo Ze Zi 
In deriving (16), use has been made of the fact that 


V2? —+- V3" == 2Vv? + 2Vine 
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and it is assumed that 0~8=7/2 and Z,~Z)~Z over 
the operating band. Recalling that the insertion loss 
(I.L.) is approximately V?/V# it is seen that 


Vi? Vz22? 1 V,2Z? 
= IL. = — +1 (17) 
V2 WyZ1Z, 22122 WVy2Z1L2 
and 


(18) 


Fig, 9—Input impedance of Magic-T 5. 
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Fig. 10—Isolation between ports 1 and 4 and between ports 2 and 3 for Magic-T’s 2 and 5. 


It is easy to show that (18) also applies to ports 2 and 
3 when port 4 is energized, and to ports 1 and 4 when 
either port 2 or port 3 is energized. 

Application of (18) to Magic-T 2 shows that the in- 
sertion loss between opposite ports is numerically equal 
to R? at the other two ports. In Fig. 10 is plotted the cor- 
rect value of R?, calculated from (12) and (14) at ports 
2 and 3 when port 1 is energized. It is seen to agree very 


closely with the approximate value of R? computed by 
(18). In Magic-T 5, (18) predicts that R? is about 1 db 
greater than the insertion loss between opposite ports. 
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_A General Theorem on an Optimum Stepped 


Impedance Transformet* 
HENRY J. RIBLET+ 


Summary—With the assistance of a mathematical theorem dem- 
onstrated by Eaton in a companion paper, it is shown rigorously, in 
the limit of small impedance transformation, that the familiar bi- 
nomial impedance transformer, consisting of equal quarter-wave 


“steps, is the shortest, monotonic, maximally-flat, stepped, transmis- 


sion-line transformer having steps commensurate in length with the 


midband guide-wavelength, and coincident zeros at the midband 
frequency. 


It is shown how this theorem places very severe limitations on 
any effort to improve on the performance of a quarter-wave trans- 
former by increasing the number of its impedance steps without a 
corresponding increase in its length. 


INTRODUCTION 


SOLYMAR! has, in a recent paper, considered 
ig the problem of the optimum design of mono- 

* tonic, stepped, transmission-line transformers. 
He has made the simplifying assumption that multiple 
reflections from the impedance discontinuities can be 
neglected, and has introduced the requirement of mono- 
tonicity to avoid the problem of “supermatch” which 
can otherwise appear, even when multiple reflections 
are considered. He employs the even polynomials pro- 
posed by Riblet,? to construct examples which show the 
interesting fact that, for given relative bandwidth, the 
quarter-wave transformer does not give the smallest 
pass-band reflection coefficient if additional length is 
available. He observes that, with transformers less than 
one-eighth wavelength long, this procedure results in 
nonmonotonic solutions. 

Solymar’s problem involves the length of the trans- 
former, its bandwidth, and the ratio of tolerable reflec- 
tion coefficient in the pass band to the reflection co- 
efficient to be transformed. Any general discussion of 
the optimum design is exceedingly involved, and the 
results will certainly depend on the constraints placed 
on these three variables. 

Several years ago, the writer considered the same 
general problem and was forced by its analytical dif- 
ficulty to limit his investigation to the maximally-flat 
transformer. This restriction, however, permits a major 
simplification in the statement of the problem, since the 


* Manuscript received by the PGMTT, July 23, 1959; revised 
manuscript received, October 19, 1959. The problem and proof were 
presented before the URSI meeting, Washington, 1D), (C,, Wiley, HORSE 
The discussion of Solymar’s paper has been added as a result of the 
renewed interest in the problem. 

+ Microwave Development Labs., Inc., Wellesley, Mass. 

11, Solymar, “Some notes on the optimum design of stepped 
transmission-line transformers,” IRE TRANS. ON MIcROWAVE 
THEORY AND TECHNIQUES, vol. MTT-6, pp. 374-378; October, 1958. 

2H. J, Riblet, “Discussion oe ie Sie ee fon ae 

i i timizes the relationships between 
tae ie oR Proc. IRE, vol. 35, pp. 489-492; May, 1947. 


variables of bandwidth and tolerable reflection coef- 
ficient may then be simultaneously specified, while the 
number of coincident zeros at the “resonant” frequency 
precisely determines the length of the transformer. 
Even for an impedance transformer of finite band- 
width, of course, its tolerable VSWR is closely related 
to the number of zeros occurring in the operating band. 
Consideration of Solymar’s examples will show that the 
number of zeros in the band of his “optimum” trans- 
formers does not exceed the number available from the 
longest quarter-wave transformer which can be fitted 
into the available length. When he improves on the per- 
formance that a quarter-wave transformer will yield, it 
is the spacing of the zeros which is adjusted. His efforts 
to introduce additional zeros leads to nonmonotonic 
solutions. In fact, it may be conjectured, in general, that 
additional zeros in the operating band of the impedance 
transformer will result in a nonmonotonic design. 


THE PROBLEM 


Consider the stepped, transmission-line transformer 
shown schematically in Fig. 1, operating between input 


Zn+I 


Fig. 1—Schematic of n-section transformer. 


and output impedances Zo and Zn41, respectively. I; is 
the reflection coefficient at the ith step. For a monotonic 
transformer all of the I’; have the same sign. The input 
reflection coefficient p neglecting multiple reflections, 
is known to be 


p= Tit Tex + Tse? + +++ + Duy ix", 


where x =exp {i471/Ay}. 

If we require that p have m zeros at the particular 
frequency, where A, = i,, we immediately find a solution 
of the problem in the form 


p = C(x + 1)", (1) 


if we select /=),/4, since then x=exp {imXg/Do} which 
equals —1 at the particular frequency. This is, of course, 
the familiar binomial, maximally-flat, transformer con- 
sisting of 2, equal-length quarter-wave sections in which 
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the T,’s have the ratios of the binomial coefficients. For 
engineering purposes, (1) may be rewritten as 


|p| = P{cos (rhy/2r.)}* (2) 


where I is the reflection coefficient to be matched by 
the transformer. Eq. (2) defines, in terms of , the band- 
width over which a given p| /T will not be exceeded. 

It is the object of this paper to indicate how the bi- 
nomial, quarter-wave transformer is optimum in the 
sense that no shorter stepped, monotonic transformer 
can have additional zeros at the chosen frequency. For 
this purpose, consider a transformer consisting of sec- 
tions each X,/4r in length, where 7 is an integer. If a 
shorter, monotonic transformer could be designed using 
sections of this length, still having ” coincident zeros, 
it would mean that a polynomial of degree less than nr 
in x«=exp |imh,/rd,} could be constructed having posi- 
tive real coefficients, with ” coincident roots for \y=g. 
The condition on the degree follows from the fact that 
the over-all length of an impedance transformer is equal 
to the degree of the polynomial representing the input 
reflection coefficient multiplied by the length of the in- 
dividual transformer sections. That this is impossible 
follows immediately from the purely mathematical 
theorem.’ 

Theorem: The real polynomial of minimum degree 
with positive coefficients having roots at e’™/” is 
(Cal)? 

Moreover since the solution p=C(x"’+1)” for the 
shorter steps is identical to (1) for the quarter-wave 
steps, we see that our efforts to improve on the quarter- 
wave transformer have brought us back to the starting 
point. We can thus prove the following theorem on an 
optimum impedance transformer. 

Theorem A: The shortest, monotonic, stepped im- 
pedance transformer, all of whose steps are commensur- 
ate in length with X having m coincident zeros for 
dy = Ag, is the binomial, quarter-wave transformer having 
n steps. 

Proof: The requirement that the steps be commensur- 
ate with \, permits the selection of an r sufficiently large 
so that any shorter transformer meeting the conditions 
of the theorem can be thought to consist of steps each 
A,/4r in length. The theorem proved by Eaton is then 
applicable and a contradiction results. 


_ ? This theorem was conjectured by the writer, but its truth was 
in doubt for over a year before the ingenious proof given in the com- 
panion paper was found by J. E. Eaton. During that year, a careful 
search of the literature and inquiry of experts in the related branch 


of analysis failed to reveal any previous interest in this type of 
problem. } 
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ENGINEERING APPLICATIONS 


This theorem cannot restrict the performance of prac- 
tical transformers without additional arguments in- 
volving “continuity” and “limits” since there is no way 
of determining when the conditions requiring commen- 
surate lengths and coincident zeros have been met.* Ac- 
cordingly its rigorous application is limited to purely 
theoretical design procedures. For example, it may be 
applied to the problem of Solymar, as follows. 

Theorem B: No design procedure, which is independ- 
ent of bandwidth, can yield a monotonic, stepped, im- 
pedance transformer having ” zeros in its pass band, 
consisting of a fixed number of sections of fixed length, 
each commensurate with \,, which is shorter in over-all 
length than nd,/4. 

Proof: The existence of such a design procedure would 
imply the existence of an infinite sequence of poly- 
nomials of fixed degree having the property that of | 
their roots approach some limiting value e'7/". The co- 
efficients of these polynomials each then constitute a 
finite number of infinite sequences of bounded, positive 
real numbers. By a fundamental theorem, these se- 
quences have limit points which are non-negative and 
bounded, and, thus, define a positive, real polynomial 
with x coincident zeros. This polynomial must at least 
be of degree mr, and so the design procedure cannot 
yield transformers shorter than md,/4. 


CONCLUSION 


Two theorems are demonstrated showing that the 
quarter-wave transformer is optimum under certain 
idealized conditions. Although these conditions are im- 
plicit in present design procedures, a deficiency exists in 
the theory which has the result that it is not applicable 
to an actual transformer. This limitation is not essential 
to the theory, however, and one may hope that it will 
be removed ultimately. 

In the meantime the theorems give mathematical 
reality to the demarcation between monotonic design 
and “supermatch” and will serve as beacons pointing 
to certain obstacles which will have to be faced in any 
effort to put more zeros in the pass band of a monotonic 
transformer than are contained in the quarter-wave 
transformer of optimum design. 


* Although some progress has been made in this direction, the 
problem is complicated by its delicate algebraic nature. For example, 
a quarter-wave transformer when imagined to consist of shorter 
length steps is certainly on the verge of nonmonotonicity. 


1960 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


171 


Minimal Positive Polynomials* 
JAMES E. EATONT 


Summary—A proof is given of a purely mathematical theorem 
on the polynomial of lowest degree with positive coefficients having 
a prescribed root of unity as a multiple root. 


H. J. Riblet has conjectured the theorem below. In the preceding 


paper,' he applies his theorem to optimum impedance transformer 
design. 


THEOREM 


(W NHE polynomial («"+1)” is the unique monic poly- 
| lee of lowest degree with non-negative co- 
efficients that has e'”/” as an n-fold root. 
The degree of the minimal positive polynomial is at 
most mr. Let the polynomial be 


F(x) = AnrX™" + ey al mie a ao: =e Qo. 


If ~=1, the imaginary part of f(e**’"), of necessity zero, 
may be written as 


d,-1 sin (r — 1)r/r +--+ + a;sinz/r. 


Therefore, a, =0, 0<&<r, for in this range 0 <sin ka/r. 
The real part, also zero, now reduces to —a,+do. Hence, 
Bia) =0,(x«"-+-1). 

For larger 1, note that if e*/” is an m-fold root of f(x) 
it is also a root of the first »—1 derivatives of f(x). It is 
then a root of 


(a) = boi (e) ++ bis’ (x) +--+ b, ea ee) 


* Manuscript received by the PGMTT, August 23, 1959; revised 
manuscript received, October 19, 1959. 

+ Queens College, Flushing, N. VE ; ‘ 

1H. J. Riblet, “A general theorem on an optimum stepped imped- 
ance transformer,” IRE TRANS. ON MICROWAVE THEORY AND 
TECHNIQUES, this issue, pp. 169-170. 


for any choice of the constants b;. F(x) may be rewritten 
as 


LG) ="a,,,.e(nr je > Gna (nr — 1) a" 
+ aog(0) (1) 
where 


g(k) = bo + bik + dok(R — 1)+--- 
+ Daak(k—1)-+-(kon+2. @) 


Although, in so far as g(k) appears in (1), & is restricted 
to certain integral values. Eq. (2) defines g(k) as a poly- 
nomial in k of degree n—1. 

In (1) replace x by e’/" and compute the imaginary 
part of F(x) to obtain 


Oneg(nr) sin urm/r + Gnrrig(nr — 1) sin (nr — 1)a/r+--- 
+ arg(1) sin r/r = 0. (3) 


The constants 0; in (2) may be chosen so that g(k) has 
the same sign as sin kr/r, 0<k<nr. Since a; is not nega- 
tive, this will imply that a,g(k) sin k7/r also is not nega- 
tive and hence, by (3), zero. 

The proper behavior of g(R) is readily obtained by re- 
quiring that g(#)=0, R=r, 2r, --- , (n—1)r. This leads 
to a system of n—1 linear homogeneous equations in 
the n quantities bo, 61, -- > , bz-1. The system has non- 
trivial solutions and one may be selected for which g(1) 
is positive. Since g(k) is of degree »—1, it has no other 
roots and g(k) sin kr/r>0. Therefore, a,=0 if & is not 
divisible by r. Thus, f(x) is a polynomial in x":f(x) 
=h(x"). It has the n-fold root e’/” and h(x) accordingly 
has the n-fold root e’*. This shows that h(x) =an,(x+1)” 
andi f (0) = Gar (Xi ate): 
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Complementarity in the Study of Transmission Lines* 
G. H. OWYANG+ anp RONOLD KINGt 


Summary—The principle of complementarity is applied to the 
slot transmission line. The properties of a dual circuit are investi- 
gated. The pairs of several possible duals for a given configuration 
are correlated and new quantities are defined for use with different 
types of circuits. A complete parallelism between the two-wire line 
and the two-slot line is established for the ideal cases and is ex- 
tended by approximation to include the practical cases. 

Measurements were made with a two-slot transmission line and 
its associated probing system. The method of testing the line for 
balance is discussed. The transverse distribution of the longitudinal 
current and the attenuation constant were measured. 

The analogy between the steady-state field in a conducting me- 
dium and the electrostatic field in a dielectric is investigated. The ex- 
pressions for the constants of a two-slot line are given in a form that 
permits a ready evaluation from experimental data obtained with the 
electrolytic tank. The measured results are compared with theoretical 
values. 


I. THE PRINCIPLE OF COMPLEMENTARITY 
A. Introduction 


F two physically different phenomena, A and B, are 
if described by the same mathematical formulation, 

quantitative conclusions may be drawn about A 
from a study of B. This is true of complementary prob- 
lems in electromagnetic theory, in which the field about 
a configuration A of slots in a perfectly conducting in- 
finite plane of zero thickness is related to the field about 
a configuration B of conducting strips arranged in free 
space to correspond exactly to the slots in A. 


B. Duality Between the Electromagnetic Field of an 
Electric and a Magnetic Source 


Consider groups of perfect electric and perfect mag- 
netic conductors in a homogeneous medium character- 
ized by the complex permittivity «=¢€,—jo./w, and the 
permeability uw (see Fig. 1). Si, Ss, +--+ are the surfaces 
of the electric conductors, S,*, S.*, - - - of the magnetic 
conductors. The appropriately generalized field and 
continuity equations are 
= db Ss y[eidel 


cur = div BE = p/e: (1a) 


curl H = J + jweE, Givnll =="? ae (1b) 
div-/ =; jap = 0 div J* + jwp* = 0. (ic) 


(The symbols are defined in Fig. 4.) The boundary con- 
ditions on the surfaces of the conductors are 


AXE=h- H=0 (2a) 
enptie electric conductors $;,.S3,--—\ and 
AXH=?n-E=0 (2b) 


* Manuscript received by the PGMTT, June 4, 1959: revi 
manuscript received, October 20, 1959. This ee was SMe 
jointly by the Navy Department (ONR), the Signal Corps of the 
U.S. Army, and the U.S, Air Force, under contract Nonr. 1866(32.) 

+ Rad. Lab., University of Michigan, Ann Arbor, Mich. Formerly 
at Gordon McKay Lab., Harvard University, Cambridge, Mass. 

{ Gordon McKay Lab., Harvard University, Cambridge, Mass. 


Fig. 1 


on the magnetic conductors S,*, S:*,- +--+, where isa 
unit outward normal. 

It can be shown that.an interchange of the electric 
and magnetic sources and conductors in a given system 
results in an interchange of the E- and H-fields. In par- 


ticular, if 


Js seat ahias Ja = Coday (3a) 

pz = — epi, ps = epi, (3b) 
where (2=1/n.2=wu/e, the field vectors are given by 

E, = — ¢.fhi, HB = 9.F1. (4) 


The subscripts 1 and 2 refer to cases I and II (Fig. 1), 
respectively. 


C. Fields with E-symmetry and H-symmetry. 


In rectangular coordinates the field vectors E and H 
are H-symmetric (or H-antisymmetric) with respect to 
the plane x=0 if 


E,(x) = ‘one “=x 


E,(—x), u=yorg 
Hil a4 
See “= yor z. (5) 


The shorthand notations F(x) and F(—x) are used for 
F(x, y, 2) and F(—x, y, z). The corresponding field vec- 
tors with H-symmetry (or E-antisymmetry) are 


Ey (a) = ‘ E.(—«), u“u=x 
— E,(—x), “u= y or g, 
FT) = coe “u=% 
H,(—x), u=yorg. a 


With these definitions, any function F(x) may be ex- 
pressed as the sum of symmetric and antisymmetric 
components in the form F(«) = F,(x) + F,(x) where 


Fi(x) = 3{4[F.(«) # F.(—a«)] + 6[F,(2) + F,(—2)] 
+ 8[F.(x) + F(—2)]}. (7) 


7=s for the upper signs, 7=a for the lower signs. 
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With (5)—(7) it follows directly that for a structure in 
space that is symmetric, the field equations are inde- 
pendent of the sign of « and may be separated into 
E-symmetric and H-symmetric parts. These are, for 
H-symmetry, 


curl Ea(x) + jowH,(x) = — J.*(x), (8a) 
curl H.(x) — jweEa(x) = — Ja*(x); (8b) 
for H-symmetry, 
curl E,(”) + jou Ha(x) = — Ja*(x), (8c) 
curl H,(x) — jweE,(x) = J,(x). (8d) 
It follows from (5) that at x=0, 
E.2(0) = Hay(0) = Ha-(0) = 0 (9) 


so that in a homogeneous medium the E-symmetric field 
satisfies the boundary conditions (2) of a perfect mag- 
netic conductor at x =0, and is not disturbed by the in- 
sertion of a plane sheet of perfect magnetic conductor of 
arbitrary shape and size in the plane of symmetry. 
Similarly, from (6) 


Ex,(0) = E..(0) = H.2(0) = 9, (10) 


so that the H-symmetric field satisfies the boundary con- 
ditions (2) of a perfect electric conductor at x=0 and 
is undisturbed by the insertion of a plane sheet of perfect 
electric conductor in the plane of symmetry. 


D. Duality Between a Thin Disk and a Hole in a 
Thin Sheet 


Let a thin disk made of a perfect electric conductor 
be placed in the plane of symmetry (x=0) in a homo- 
geneous medium as shown in Fig. 2(a). In this medium 
there exists an electromagnetic field maintained by a 
symmetric distribution of electric currents Ae) ittol- 
lows from (8) that the field is E-symmetric so that it 
behaves just as if a magnetic conductor were located in 
the plane of symmetry outside the disk as shown in 
Fig. 2(b). 

If the electric and magnetic conductors are inter- 
changed, Fig. 2(d) is obtained. Since the regions x >0 
and «<0 are separated by the sheets of conductor, (3) 
may be used with opposite signs in these two regions. 
That is, the distribution of magnetic current is anti- 
symmetric for the new system, so that it satisfies the 
following relations: 


Jaa’ (k) = 6. 33(%), Jas (=) = — (.J3(—), (11) 


where the subscripts 3 and 4 refer to the systems before 
and after the change. Since the excitation is by anti- 
symmetric magnetic currents, the field has E-symmetry 
and it is immaterial whether the sheet of magnetic con- 
ductor is present or not. Therefore, Figs. 2(c) and 2(d) 
represent equivalent configurations and the formulas 
shown in the figure follow directly from (3) and (4) 

The following situations have been shown to be duals: 
a thin disk of perfect electric conductor in the plane of 
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Cose I 


Case IV 
Anti-Sym. Magnetic Current 


A 
y 


We , 


Te”) Tao) 


(a) Electric Conductor 
Magnetic Conductor 


(b) (d) 
Fig. 2—Duality between metallic disk and hole in metallic screen. 
Field: E-symmetry with respect to x =0 plane 
E,(x) = — E,(—x) H(x) = Hz(—2) 


E,(«) = E,(—*) H,(x) = — H,(—*) 
E,(x) = E.(—2) H,(x) = — H,(—*) 
x >0 <0 
Jas* (x) = F2Je3(x) v/m? Jas*(x) = — FeJs3(%) v/nt 
Ex(x) = — $¢Hs(x) 0/m Ex(x) = SoEI3(x) — v/m* 
Hi(x) = neHs(x) a/m Hi(x) = — neE3(x) a/m 
Pe ee ee ~(«+%) ae 
Ge ae mn jw] - 


symmetry of an E-symmetric field that is excited by a 
symmetrical distribution of electric currents; an infinite 
sheet of electric conductor with a hole that has the same 
size and shape as the disk if the sheet is placed in the 
plane of symmetry of an E-symmetric field that is ex- 
cited by an antisymmetric distribution of magnetic 
currents. 

In a similar manner, it can be shown that a magnetic 
conducting disk in an electromagnetic field that is ex- 
cited by symmetric magnetic currents is the dual of a 
similar hole in a magnetic conducting sheet located ina 
field that is generated by an antisymmetric distribution 
of electric currents. The arrangements for these two 
cases are shown in Fig. 3. 


E. Terminology 


Since several dual configurations may be defined for 
a given structure, it is desirable to label each type of 
network unambiguously. The circuit made of ordinary 
electrically conducting strips is the actual electric circuit 
or the electric strip circuit, the complementary circuit 
made of fictitious magnetic strips is the fictitious mag- 
netic circuit or the magnetic strip circuit, and the comple- 
mentary circuit obtained by cutting slots in a metallic 
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Case WI 
Anti-sym. Electric Current 


Case VW 
Symmetric Magnetic Current 


y 


Electric Conductor 
(7/7), Magnetic Conductor 


Fig. 3—Duality between magnetic disk and hole in magnetic screen. 


Field: H-symmetry with respect to x =0 plane 
lio) = 10-2) H,(«) = — H,(—x) 
E,(x) = — E,(—*) — Hi, (x) = H,(—*) 

E(x) = — E,(—x) Hee) = Hy(—s) 


x > 0 Jac(x) = — neJss*(x) a/m # <0 Jas(e) = neJes*(x) afm 
Es(x) = — ¢-Hs(x) v/m Es(x) = (s(x) v/m 
Ay(x) = neEs(«) a/m Hg(x) = — neEs(x) a/m 

1 € at Ce ; 
Ue = ze = 15 = ii (« a) mho 


surface is the slot circuit. The dual obtained by replacing 
a given original configuration of conductors by its com- 
plement is called the physical dual. For example, a 
metallic disk is the physical dual of a hole of similar 
shape in a metallic screen and vice versa. A system of 
electric conductors and a similar system of magnetic 
conductors are ideal or fictitious duals. A magnetic strip 
is the ideal dual of a geometrically identical electric 
strip. A new set of quantities is needed for use in fic- 
titious duals. These are given conventional names pre- 
ceded by the world “magnetic.” An asterisk is attached 
to the symbol for such a magnetic quantity for identi- 
fication, as shown in Fig. 4. 

The quantities used to describe a slot circuit are pre- 
ceded by the word “complementary” and their symbols 
are primed to distinguish them from those for electric 
circuits. The complementary currents and charges are, 
of course, those maintained on the complementary con- 
ducting surfaces. Complementary quantities are listed 
in Fig. 4, 

The duality between pairs of circuits and associated 
equations is illustrated in Fig. 4. Note that the quantities 
listed for the electric and magnetic strip circuits are 
duals. Corresponding quantities for the slot and the 
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magnetic strip circuits are not duals, but some of them 
are equivalent as indicated in parentheses. 


F. Generalized Two-Slot Transmission-Line Theory 


An ideal two-slot transmission line consists of two par- 
allel slots that are cut in an infinitely thin, perfectly con- 
ducting sheet of infinite size (see Fig. 5). The ideal (al- 
though physically fictitious) dual consists of two parallel 
thin strips, made of a perfect magnetic conductor, that 
lie in the xy-plane, symmetrically located with respect to 
the x-axis and with their centers separated by a distance 
b. If the width a of the strip satisfies the inequalities, 
Bva<1, b>>a?, it is proper to define a total axial mag- 
netic current and a total magnetic charge per unit 
length and to assume that their transverse distributions 
are approximately symmetrical with respect to the 
center of each strip. In order to make radiation negligi- 
ble, the condition (6ob)?1 is imposed. 

At distances from both ends of the transmission line 
that are large compared with the separation 0 of the 
strips, the following relations! are obtained for the mag- 
netic scalar and vector potential differences V*(w) and 
W,*(w). The same formulas apply to the electric po- 
tentials if the asterisks are omitted. 


o2 
V*(w) — yor?V*(w) = 0, (12a) 
Ow? 
- W2*(w) — yo? W2*(w) = 0, (12b) 
it) 
I.*(w) = — —— V* te) (13) 
Zo* Ow 


where Yo*? = yo*zo*. The magnetic line constants (with 


asterisk) and their electric duals are summarized as 
follows: 
Zo" = ro" + jwlo* = (jwe/m) In (6/a), 
0 = (jou/m) In (b/a); (14a) 
Yov = jwco™ = (jwum)/In (b/a), 
Yo = So + Juco = (jwre)/ In (b/a). (14b) 


Note that e=¢,—jo./w. The magnetic potentials V*(w) 
and W,*(w) for the ideal dual of the two-slot line satisfy 
the conventional transmission-line equations just as do 
the potentials V(w) and W,(w) for the two-wire line. 
The line constants for the magnetic strips are similar to 
those for electric strips. The approximate solution for 
the magnetic current and scalar potential difference 
may be obtained with a corrective terminal-zone net- 
work as for a two-wire line.? 

Equivalent circuits of the magnetic strip line and the 
slot line are shown in Fig. 6. 


*R. W. P. King, “Transmission-Line Theory,” McGraw-Hill 
Book Co., Inc., New York, N. Y., p. 13; 1955. 
2 Tbid., p. 58. 
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Electric Circuit or Electric Strip Circuit 


N> 


Original (or Physical Dual) 


Field: H-symmetry with respect to s=0 plane 


E-field E v/m 
H-field H a/m 
Current Density (Volume) df a/m? 
Current Density (Surface) K a/m 
Charge Density (Volume) p as/m' 
Charge Density (Surface) n as/m? 


Potential Difference 


V= ij) E-dx v 
b 


Current 


d d 
= { ax Hdx = — f a 


a 
Impedance 
V 
— ohm 
I 
Capacitance per unit length 
Cc f/m 
Inductance per unit length 
H h/m 
Field Equations: Boundary Conditions: 
VX H=J]+jwcE WXH= —K 
VX E= —jouH Ax E=0 
V-H=0 h-H= 
1 - —1 
Vins ke ——— p lw: E=—7 
€ € 


Potential Functions: 


1 
nV oA 
Le 
A=i | JKutr 
E = — V¢ — jwA 
il 
= 7 | oKear! 
where € Sep t=) 


Owyang and King: Complementarity in the Study of Transmission Lines 


Fictitious Magnetic Circuit or 
Magnetic Strip Circuit 


Ideal or Fictitious Dual 


Field: H-symmetry with respect to z=0 plane 


Magnetic E-field E*(=H’) a/m 


Magnetic H-field H(=E)) ya) m 


Magnetic Current Density 


(Volume) v/ me 
Magnetic Current Density 

(Surface) v/m 
Magnetic Charge Density 

(Volume) p* vs /m3 
Magnetic Charge Density 

(Surface) n* vs /m? 
Magnetic Potential Difference 

Cc 
Ve = i E*-dx(=I') a 
b 


Magnetic Current 
d d 
i i h X H*-dx = if K,dx(=V’) 9 


Magnetic Impedance 


We 
= x (=y¥’) mho 
Magnetic Capacitance per unit length 
é(=1/) h/m 
Magnetic Inductance per unit length 
P(e) f/m 
Field Equations: | Boundary Conditions: 
x == J*— jon XH = K* 
VX E* = jweH* nh X E*=0 
Vie iO) nm. H*=0 
-1 
= es hl. E* = —n* 
Me Mh 


Magnetic Potential Functions: 


Hea AT 
€ 
At = < [IK 
Ar v 
E* = — V¢* — jwA* 
* 1 bd 
= — | p*Kodr 
Arp v 
Ge Kg = i eiBoR 
j R 
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Slot Circuit 


Physical Dual (or Original) 


Field: E-symmetry with respect to z=0 plane 


Complementary H-field H’(=E*) a/m 
Complementary E-field E’(=H*) v/m 
Complementary Current 

Density (Volume) Uf a/m? 
Complementary Current 

Density (Surface) K’ a/m 
Complementary Charge 

Density (Volume) a as/m' 
Complementary Charge 

Density (Surface) 7’ as/m? 


Complementary Current 
Tees {| i i K,dx(=V*) o 
b b 
Complementary Potential Difference 
d 
via [ Bax(=1") ’ 
Complementary Transverse Admittance 
ie 
y! = v (S29) mho 


Complementary Inductance per unit length 
I'(=c*) h/m 


Complementary Transverse Capacitance per 
unit length 


Ce) f/m 
Field Equations: Boundary Conditions: 
VX H! = J’ +joeE’ AX H' = —K! 
V X E! = jwpH’ NX E’'=0 
V.HA’=0 n - H’=0 
1 F —1 
Vo. El ==! E' = —7 
€ € 


Complementary Potential Functions: 
1 
H’=—VXA' 


Le 
Weep. (| J'Kedr' 
An Jy 


E’ = — Vd! — jwA’ 


¢' c p’Kodr' 


TE J y 


R= (e@—wt+Q—yP+@-2) 


Fig. 4—Complementarity between strip and slot circuits. 
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22) Line toad 
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Fig. 5—Arrangement of a two-slot line. 


Fig. 6—Equivalent circuits of a two-slot line; diagonal shading 
indicates magnetic conductors, dots indicate electric conductors. 


G. Conclusion 


A parallelism between the two-slot line and the two- 
strip line has been established. Consequently, the well- 
known solution of the two-wire line equations, as well 
as complementary measuring techniques, may be ap- 
plied to the two-slot line. The line parameters that have 
been derived are true for infinitely thin slots. However, 
it can be shown’ that the characteristic impedance Z), 
of a very thin two-strip line is given by 


Zic = (b/c)? = (uo/eo)/2K(k)/ K(k’), (15) 


*G, H. Owyang and T. T. Wu, “The approximate parameters of 
slot lines and their complements,” IRE TRaNs. oN ANTENNAS AND 
PROPAGATION, vol. AP-6, pp. 49-55; January, 1958. 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


March 


where K(k) is the complete elliptic integral of the first 
kind, k=do/bo is the modulus, k'2=1—k?, 2a, is the 
distance between the inner edges of the strips, and 2b 
‘s the distance between the outer edges of the strips. 
Subject to the condition that the width of the strips is 
very small compared to the distance between centers so 
that a@obo, the characteristic impedance is approxi- 
mately 


Zic = (uo/eo)'/?4—* In (44/6), (16) 


where 6=b)—a is the width of the strip and A=do+do 
is the distance between their centers. From transmission- 
line theory, the characteristic impedance of a two-wire 
line of circular conductors is 


Zoe = (uo/€o)!/2x—! In (6/a) (17) 


where 0 is the distance between the centers of the wires 
and a is the radius of each. The two strip line evidently 
behaves like a two-wire line with the same distances be- 
tween the centers of the conductors and with wires of 
radius equal to one-quarter the width of the strips. 


Il. EXPERIMENTAL STUDY OF THE TWO-SLOT 
TRANSMISSION LINE 


A. The Equipment 


The two-slot transmission line is bounded by three 
pieces of aluminum sheet and an aluminum strip. The 
ground plane has the over-all dimensions of 6 feet 2 
inches by 12 feet 1 inch; it is supported horizontally by 
a wooden framework at a height about halfway between 
the floor and the ceiling. The thickness of the aluminum 
is } inch; the center strip is } inch by 3 inch in cross sec- 
tion, 7} feet in length, and supported by a tapered strip 
of polystyrene that rests on a wooden support. 

Several driving devices for the two-slot line were 
tested. A two-wire line drive [see Fig. 7(a) ] was found 
to be unsatisfactory since the slotted ground plane is an 
unsymmetrical load that unbalances the two-wire line 
and causes undesirable radiation. A microstrip drive 
[see Fig. 7(b)] has the advantage of simplicity in con- 
struction and compactness. It consists of a conductor 
separated from the ground plane by a thin sheet of di- 
electric. The conductor can be either a flat strip or a 
wire of small diameter. This conductor is connected to 
the center-strip of the two-slot line. A coaxial-line drive 
[see Fig. 7(c) ] consists of a piece of coaxial line with its 
outer conductor deformed into a rectangular shape so 
that it will fit smoothly onto the ground plane. A 43-inch 
by g-inch waveguide was found to be suitable for the 
outer conductor; a 74-inch diameter brass rod was used 
as the inner conductor. Two short-circuiting plungers, 
one on each side of the point of feeding, were provided 
for matching. 

Two different probing systems were employed in the 
research: the surface-probe system and the enclosed 
probe system. The surface-probe system consists of a 
carrier mounted on and movable along a cross-beam, 
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Fig. 7—Methods of driving a two-slot line. 


the supporting structure of which rolls on circular steel 
tracks which are mounted along the sides of the wooden 
framework. The connection from the probe carrier to 
the probe is made by a section of stiff transmission line 
which consists of a piece of a }-inch O.D. brass tubing 
slipped over a RG-58 coaxial cable. This brass tubing is 
threaded and slotted at the upper end to provide a 
height adjustment. 

The enclosed-probe system consists of a movable 
probe that projects through a slot in a waveguide 
(2 inch by ¢ inch) which forms the edge of the aluminum 
sheet. In this system, only the probe itself is exposed to 
the field to be measured; the connection to the probe and 
the driving mechanism are either shielded or far away 
from the point where the measurement is being made. 
Thus the disturbance caused by the presence of the 
probing system is minimized and, in addition, the de- 
gree of flatness of the metallic sheets has little effect on 
the signal picked up by the probe. 


B. Balancing the Two-Slot Transmission Line 


An efficient transmission line should radiate little 
power. It is well known in two-wire line theory that un- 
balanced currents radiate. This is also true of a two-slot 
line in which the currents on the two side plates are un- 
equal at corresponding points. A simple method to de- 
termine whether a two-slot line is balanced or not is to 
record the response of the detector while the probe is 
moved perpendicularly across the line. The response 
curve should be symmetrical with respect to the line if 
a balanced condition is maintained. However, the sym- 
metry of the measured response curve may be affected 
by the slight variation in the flatness of the ground 
screen so that an alternative method is desirable. 
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It is very difficult, if not impossible, to obtain two 
exactly identical probes; therefore, the direct compari- 
son of the signals picked up by two probes in the two 
slots will give little information about the condition of 
balance of the line. With two probes which have slightly 
different gains, the symmetry of the line current may be 
determined by the method of cancellation. This is ac- 
complished by adjusting the phases of the signals from 
the two probes so that the transmission-line modes are 
opposite in phase while the radiation modes, if they 
exist, are in phase. Thus a constant resultant signal 
along the line means that the line is balanced, and the 
existence of a standing wave in the resultant signal along 
the line indicates the presence of an unbalanced current 
in a radiation mode. The probes used are those enclosed 
in the edges of the two sideplates. These probes are 
placed at a cross section where the field is strong and 
are tuned for maximum signal separately by adjusting 
the tuning stubs. The reading on the variable standard 
attenuator is recorded. The two circuits are then joined 
together through a tee with a line stretcher inserted in 
one probe-circuit. The line stretcher is adjusted for 
minimum signal and the attenuation of the standard 
attenuator is reduced to increase the sensitivity of the 
detector. One of the double-stub tuners may also be ad- 
justed if it helps to decrease the signal. This procedure 
may be repeated until a true minimum is obtained. The 
probes are then moved simultaneously along the entire 
line and the detected signal is noted. Negligible varia- 
tions in the minimum signal were observed and this 
minimum signal was more than fifty decibels below (al- 
most noise level) the signal level of either one of the 
probes. A short piece of lossy cable is inserted in each 
probe circuit to reduce the possible coupling between 
the probes. 


C. The Transverse Distribution of the Longitudinal 
Current on a Two-Slot Line 


The transverse distribution of the longitudinal cur- 
rent on the metallic surface bounding the two-slot line 
is measured by moving a surface probe in the direction 
perpendicular to the slots. The probe is of the shielded- 
loop type and is oriented with the normal to the plane of 
the loop parallel to the direction of its movement. Owing 
to the fact that a loop probe measures the average flux 
encircled by it, a rectangular loop with round, curved, 
short sides is used. A loop of such shape has an advan- 
tage over a circular loop in being able to measure the 
average field of a point closer to the metal surface with 
the same clearance between the probe and the surface. 
Both the amplitude and the phase of the current are 
shown in Fig. 8. 

The current in the center strip is opposite in phase to 
that in the side plates and the currents in the two side 
plates are in phase. The measurements show the current 
to be concentrated near the edges as expected. The 
measured apparent decrease in current toward the axis 
of the center strip is very sensitive to the height of the 
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Fig. 8—Distribution of longitudinal current in a two-slot line 


probe. If the maximum amplitude of the longitudinal 
current is denoted by J», the amplitude of the current 
along the center line of the center strip by J,, and the 
distance between the center of the loop probe to the 
conducting surface by h, then the observed results are 
as follows: 


h 0.0038 0.0064 0.0076X 
I, 
a Ov59 0.82 0.98 


At h=0.0038 X, the loop is almost in contact with the 
conducting surface. If these current ratios are plotted 
against the distance # and the curve so obtained is 
extrapolated to the point h=0, it is found that the ratio 
I,/Im of the surface current density in the center strip 
is approximately 0.20. From the distribution of the elec- 
tromagnetic field it is expected that J,/Im has a mini- 
mum at the center of the strip and the measurements do 
verify this fact. Qualitatively, one could imagine the 
two-slot line to be roughly equivalent to a coplanar 
four-conductor transmission line. The four conductors 
are located near the edges of the conducting sheets and 
the strip. The total currents in the inner two conductors 
are equal in amplitude and phase; they are equal in 
amplitude as those in the outer two conductors, but op- 
posite in phase. The current on the side plates decays 
very rapidly as the distance from the slot increases. 
This current drops below one-half of one per cent of the 
peak value within one-quarter of a wavelength from the 
center of the center strip. It is interesting to note that 
this decay is almost exponential with distance. 

Owing to the nonuniformity in the amplitude of the 
field configuration, it is not possible to measure the 
transverse distribution of the transverse current by 
simply rotating the loop-probe ninety degrees from the 
position used for measuring the longitudinal current. In 
this position the loop may respond in its transverse di- 
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pole mode to the large E-field in addition to the usual 
response to the magnetic (or differential electric) field. 
This was verified by repeating the measurement with a 
dipole probe with the axis of the dipole perpendicular 
to the slot; a curve similar to that obtained with the loop 
probe was obtained. 


D. The Measurement of the Attenuation Constant 


It is usually very difficult to measure the attenuation 
constant of a low-loss transmission line. However, if the 
location of the probe can be measured very accurately 
along the line, then the method based upon the width 
of the distribution curve near its minimum is applicable. 
This method involves the determination of the width 
Aw, of the distribution curve at a convenient power 
level p (usually p?=2 is chosen) above the minimum 
point at two different locations, w, and Wn4m. The value 
of the attenuation constant a is given by* 


B Aw, = AWn+m 


= 18 
“2p? — 13? w, — = 


nepers per meter. 
Wrnim 


In the evaluation of the attenuation constant, the por- 
tion of the distribution curve near the minimum point 
is plotted out completely and then extended to locate 
the minimum. The width of the curve is measured at a 
power level p?=2 above this minimum. The relative 
probe position Aw, is determined by means of two dial- 
indicators. These dial-indicators are provided with 
0.001-inch graduation. The actual location of the point 
of minimum is not very critical since the value of 
(Wn—Wnim) is of the order of meters. 

The measured value of the attenuation constant of 
the two-slot transmission line is 3.41X10-* nepers per 
meter which is of the same order of magnitude as that 
of a two-wire transmission line. 


III. MEASUREMENT OF THE PARAMETERS OF THE 
Two-SLot LINE BY THE METHOD oF ANALOGY 


A. Introduction 


As a substitute for the mathematical analysis of a 
field problem, the method of field mapping by analogy 
is useful when the particular field in question is too 
complicated for rigorous mathematical treatment. It is 
based upon the correspondence between the steady cur- 
rent field maintained by two oppositely charged elec- 
trodes immersed in a homogeneous conducting medium 
and the electromagnetic field surrounding two similar 
conductors of infinite length carrying equal and oppo- 
site currents. 

Since the potential functions ¢, in a conductor and 
ga in a dielectric both satisfy Laplace’s equation, and 
since the normal components of the electric fields E, at 
the boundary between two conductors and E; at the 
boundary between two dielectrics satisfy conditions 
that differ only by a constant factor, it follows that these 
two cases are analogous. By taking the ratio of the total 


4 King, op. cit., p. 275. 
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current passing through a volume in a conducting medi- 
um, which is bounded by lines of the electric field and 
two equipotential surfaces at arbitrary points, and the 
total dielectric flux in a similarly-bounded volume in a 
dielectric medium, the total capacitance Cz between the 
equipotential surfaces in the dielectric may be related 
to the total resistance R, between the equipotential sur- 
faces in the conducting medium as follows: 
€d 


= Cail. 


Oc 


(19) 


It is assumed that the potential differences between the 
equipotential surfaces in the two cases are equal. €q is 
the complex permittivity of the dielectric, o, is the con- 
ductivity of the conducting medium. 

One method of utilizing the analogy between the elec- 
tric field in a conductor and the electric field in a dielec- 
tric is by means of the current distribution in an elec- 
trolytic tank filled with a conducting liquid. The elec- 
trodes to be investigated are immersed in the liquid and 
a probe and a bridge-circuit are used to locate the equi- 
potential lines. The orthogonal stream lines are drawn 
in afterwards to complete the field map. The capacitance 
C between two electrodes in vacuum may be evaluated 
from the following formula: 


€0 E,(s)ds 
oS, 
V 
i E-ds 
be 


where €9 is the dielectric constant in vacuum, Q is the 
total charge on one conductor, V is the potential dif- 
ference between the conductors, E, is the normal com- 
ponent of the E-field on the surface of the conductor, 
£1. is the contour-integral taken around the surface of 
one conductor, and /;, is the line-integral taken between 
the two conductors. 

The magnitude of the electric field Z at any point may 
be determined from a field plot by drawing a stream line 
through the point in question, and dividing the poten- 
tial difference between two equipotential lines lying 
equal distances from each side of the point by the length 
of the stream line between them. This method gives 
good results if the equipotential lines are closely spaced. 
The normal components of the electric field E, on the 
surfaces of the conductor may be obtained by first deter- 
mining in this manner the value of the E-field along a 
stream line at several points at different distances from 
the surface. These values are then plotted against their 
respective distances from the surface and the curve 
through them extrapolated to zero distance. Since the 
electric lines terminate perpendicularly at the conduct- 
ing surface, the values so obtained are the desired nor- 
mal components of the electric field. It is usually un- 
necessary to evaluate the line integral in the denomi- 
nator of (20), since the potential difference between the 
electrodes can easily be normalized. to unity. Thus, the 


(20) 
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capacitance between two electrodes may be obtained 
from the distribution of the field and (20) by numerical 
integration. 


The substitution of (19) into LC =p€o leads to the fol- 
lowing relation: 


L= MoR oe. (21) 


Thus, the inductance of two conductors immersed in a 
dielectric may be obtained from the resistance between 
the same conductors immersed in another conducting 
medium. 

The attenuation constant of a system of two conduc- 
tors may be computed from the field distribution in the 
following manner. If 6/ is the current carried by an ele- 
ment of surface of width 6s on a conductor and of unit 
length in the direction of propagation, then the total 
ohmic loss per unit length in both conductors is given by 


Rs Rs 
=p oid ri E,2ds, 
Gord el Gord es 


where the surface resistance 


12 (22) 


Ko 


1/2 
IRE = (=) ) 60° = 
oO €0 


is the free-space wave impedance and E = (oH is used. The 
contour integrals £1 and £2 are to be taken around 
the surfaces of the two conductors, no. 1 and no. 2, re- 
spectively. If V is the potential difference between the 
conductors, then the power transmitted is given by 
V 
ar Eds. 
FoF tc 

The attenuation constant caused by the ohmic loss in 
the conductors is, therefore, given by 


g E,?ds +f CTH 
ib IPG Ke el 2 
a= = : 
2V 
£0 E,ds 
Ie 


OP 
Thus, the attenuation constant is expressed in a form 
which can be evaluated from the distribution of the field 
in the conductors. The integrals involved are similar to 
those in (20) and (21). 


(23) 


(24) 


B. Measurements in the Electrolytic Tank 


The analogous electromagnetic field of the two-slot 
line was measured in the Harvard Electrolytic Tank, 
which has been described in detail.* 

In order to determine the field of the two-slot line 
with the electrolytic tank, it was necessary to construct 
4 model electrode that had the same cross-sectional view 
as the two-slot line. Since there is no current crossing the 
vertical plane of symmetry of the structure, either the 


’P. A, Kennedy and G. Kent, “The Electrolytic Tank,” 
Harvard University, Cambridge, Mass., Cruft Lab, Tech. Rept. No. 
214; 1956. 
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right or the left half may be removed if an insulating 
wall is placed along the vertical plane of symmetry. For 
the same reason, the lower half of the transmission line 
may be omitted when an insulating wall is placed along 
the horizontal plane of symmetry, that is, in the slot at 
a distance one-half the thickness of the conductor from 
the surface. Thus, only one-fourth of the cross section of 
the actual two-slot line is required. The model [see 
Fig. 9(d)] was used to obtain the distribution of the 
H’-field of a two-slot line. 

It was also desired to obtain the distribution of the 
E-field of the complementary two-strip line. This could 
be constructed from the distribution of the H-field of 
a model which had the same cross-sectional view as the 
actual two-strip line [see Fig. 9(a) ]. However, the dis- 
tribution of the E-field could also be obtained directly 
from the electrolytic tank by using conjugate electrodes. 

The conjugate electrodes are obtained from the origi- 
nal electrodes [see Fig. 9(a) | by using insulators in place 
of conductors.® These are joined together by a thin insu- 
lating wall along the horizontal plane of symmetry 
[see Fig. 9(b)]. A thin conducting surface is placed on 
each side of this insulating wall where the excitation is 
applied. Evidently the lines of the current maintained 
by the conjugate electrodes are orthogonal to those of 
the original electrodes 

It can be shown that the magnetic field Hy main- 
tained with two conducting electrodes immersed in an 
electrolyte and the electric field EZ, of the conjugate elec- 
trodes immersed in the same electrolyte satisfy the 
same field equation and boundary conditions. There- 
fore, these two fields are analogous to each other and, 
consequently, the conjugate electrodes may be used to 
obtain the distribution of the conjugate field of the origi- 
nal electrodes in the electrolytic tank. 

By symmetry, the right half of the conjugate elec- 
trode [see Fig. 9(b)] may be removed if an insulating 
wall is erected along the vertical plane of symmetry. 
Similarly, the lower half may be removed if a conduct- 
ing surface is placed at the horizontal plane of sym- 
metry. A conducting surface is required here because 
the stream lines are normal to this plane. The conju- 
gate model is reduced to its final form as shown in 
Fig. 9(c). 

It is interesting to note that the two models, one for 
measuring the complementary /’-field of the two-slot 
line [Fig. 9(d) ] and the other for measuring the electric 
field of the two-strip line [Fig. 9(c) ], differ only to the 
extent in which the insulator protrudes out of the con- 


ducting surface. In the cases when the conductors are. 


infinitely thin, these two models become identical. 
Therefore, the same model may be used to measure 
either the distribution of H’-field of a two-slot line or the 
distribution of the E-field of a complementary two- 
strip line by using different insulating inserts. 


6 EK. Weber, “Electromagnetic Fields,” John Wil ds ine 
New York, N. Y., vol. 1, p. 186; 1950. J ey and Sons, Inc., 
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Fig. 9. Two-strip line model and its conjugate model. 


In carrying out the measurements in the electrolytic 
tank, the equipotential lines are plotted directly and the 
stream lines are then drawn in. An easy way of con- 
structing the orthogonal curves is to construct auxiliary 
circles’ (see Fig. 10) between the equipotential lines 
first, and then to draw curves tangent to those circles 
and perpendicular to the equipotential lines. Circle- 
templates are found to be very helpful for this purpose 
and a reasonably good curvilinear graph usually may be 
obtained the second trial. A typical example of such a 
graph is shown in Fig. 10. 

The distribution of the field around the two-slot line 
was obtained by the method mentioned above. The nor- 
mal component of the electric field at the surface of the 
electrode was evaluated according to the method de- 
scribed in Section III-A. The capacitance per unit 
length, the inductance per unit length and the attenua- 
tion constant of the two-slot line were computed from 
(20), (21), and (24) by numerical integrations. These 
values are listed in Table I. 

The capacitance per unit length and the inductance 
per unit length of the two-slot line were also determined 
by measuring the resistance between the corresponding 
electrodes [see (19) and (20) ]. 

The conductivity of the electrolyte may be deter- 
mined from the measured resistance between the inner 
and the outer conductor of a model of a coaxial line filled 
with a known quantity of electrolyte. The leakage con- 
ductance per unit length g of a coaxial cable is given by’ 


2ro 


a ) . (25) 
a2 
In — 


ay 


’ John F. H. Douglass, “Electric, Magnetic, and Thermal Field,” 
vol. 1; and “Experimental Graphical Methods: Mapping,” published 
by the author, ch. 3, p. 3-1, 1953. 

§ King, op. cit., p. 22. 
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Fig. 10—A typical distribution of the field around a two-slot line. 


TABLE I 
LINE CONSTANTS OF Two-SLot LINE 


a 10% c L 


nepers/m ppf/m ph/m 
Thin Metal Model: 
Theoretical—Analogy from King, 

“Transmission-line Theory” — 20.2 0.55 
Theoretical—Wu and Owyang* 1.28 Dias 0.402 
Electrolytic Tank—Flux Plot — A Sia Ff 0.416 
Electrolytic Tank—Resistance 

Measurement fa 29.8 OFS73 

Thick Metal Model: 
Theoretical—Corrected for 

Thickness (King)T — 37.9 0.293 
Theoretical—Corrected for 

Thickness (Wu and Owyang*) — 44.45 0.246 
Measurement at 750 mc 3.14 — — 
Electrolytic Tank—Flux Plot 4.21 49.4 e227 
Electrolytic Tank—Resistance 

Measurement — Shige) 0.208 


* T. T. Wu, and G. H. Owyang “The approximate parameters of 
slot lines and their complements, IRE TRANS. ON ANTENNAS AND 
PROPAGATION, vol. AP-6, pp. 49-55; January, 1958. 

+ The correction for the width of the slot is not included. 


where a» and a; are the radii of the outer and the inner 
conductors, respectively, and o is the conductivity of 
the material between these conductors. By rearranging 
(25) and multiplying the numerator and the denomina- 
tor by the factor (a22—a1’), the-conductivity ¢ of the 
medium can be expressed as 


a 
(a2? — a,”) In = , (26) 


SRV, a 


o 


where R is the resistance between the inner and the out- 
er conductors and Vy is the volume occupied by the 
medium between these conductors. The volume Vo is 
introduced in (26) because it is easier to fill the coaxial- 
line model with a definite amount of electrolyte than to 
measure the depth of the liquid inside the model. 
With the conductiviy of the electrolyte and the re- 
sistance between the electrodes of the two-slot line 
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model determined, the capacitance per unit length and 


the inductance per unit length may be computed from 
(19) and (21). These values are listed in Table I. 


C. Conclusion 


Both the theoretical and the experimental values of 
the two-slot line parameters are tabulated in Table I. 
Despite the fact that none of the conditions required by 
the theoretical analysis is fulfilled exactly by the actual 
model under consideration, the two sets of values are 
not too far apart. The discrepancies are caused both by 
the degree in which the ideal theoretical model is ap- 
proximated and by the experimental errors. In the theo- 
retical analysis it is required that the width of the slot 
be very small compared with the separation and that the 
metal sheet be relatively thin. The actual line has a 
separation of only three times the width of the slot 
which is the same as the thickness of the metal sheet. 

The theoretical capacitance per unit length for a thin 
conducting sheet may be corrected for the case of a thick 
plate, since the total capacitance consists of the contri- 
bution from the top and the bottom surface of the con- 
ductor and from the surfaces inside the slots. This in- 
volves adding twice the capacitance of two parallel sur- 
faces of unit length with a width equal to the thickness 
of the plate and a separation equal to the width of the 
slot. It follows from (20) and (21) that the corrected in- 
ductance per unit length may be obtained by multiply- 
ing the theoretical value by the ratio of the capacitance 
due to the surfaces inside the slots and the total capact- 
tance. These values are also tabulated in Table I. 

In the evaluation of the line parameters by the meth- 
od of field mapping, errors may be introduced in the 
process of measurement, construction of orthogonal 
curves, evaluation of the E-field (this involves both 
graphical errors and errors in the approximation), extra- 
polation of the curves, and the numerical integration of 
the formulas. If only 1.5 per cent of error is introduced 
in each of the above possible sources, 9 per cent of error 
is possible in the final result. By using a larger model, a 
larger tank, a larger map, and a greater amount of labor, 
the accuracy of this method may be improved. 

The distribution of the electric field about a two-strip 
line has also been measured by means of conjugate elec- 
trodes. This was found to coincide with the distribution 
of the H-field of the physical dual at distances that are 
greater than approximately one-half the width of the 
conductor away from the strip. This indicates that the 
principle of complementarity®”” may be applicable 
without appreciable error even when the metallic screen 
has a finite thickness, if a small region near the strip or 
the complementary slot is excluded. 


9H. G. Booker, “Slot aerials and their relation to complementary 
wire aerials—Babinet’s principle,” J.J.E.E. (London), vol. 93, pt. 
IIL A, no. 4, pp. 620-625; 1946, 

10S. Uda and Y. Mushiake, “The input impedances of slit an- 
tennas,” “The Technology Reports of the Tohoku University,” 
vol. 14, ne. 1, p. 46; 1949. 
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High Resolution Millimeter Wave 


Fabry-Perot Interferometet* 
WILLIAM CULSHAW} 


Summary—The design and operation of a microwave Fabry- 
Perot interferometer at wavelengths around 6 mm is described. This 
uses reflectors which are simple, easy to make, and which are capable 
of scaling for operation at short wavelengths in the ultramicrowave 
region. With power reflection coefficients around 0.999, very sharp 
fringes and Q values around 100,000 were obtained on the interferom- 
eter. Effects of diffraction in the interferometer are considered, 
and wavelength measurements with this particular interferometer 
indicate that accuracies of 0.04 per cent are obtained without any 
diffraction correction. Advantages of such an interferometer for 
ultramicrowaves are that the component parts are large compared 
with the wavelength, the effects of diffraction decrease with he 
wavelength, and the problem of maintaining a high Q with a single 
mode of propagation and a structure of adequate size is made much 
easier. Such an interferometer forms the cavity resonator for ultra- 
microwaves. It can thus be used for such conventional purposes as 
wavelength measurements, wavelength spectral analysis, dielectric 
constant, and loss measurements, or as the cavity resonator for fre- 
quency stabilization, or as the cavity resonator for a millimeter- or 
submillimeter-wavelength maser. 


I. INTRODUCTION 


ECAUSE of its low loss and high frequency selec- 
B tivity the resonant cavity forms an almost in- 
dispensable component in the fields of microwave 
techniques and microwave measurements. In general, 
however, the dimensions of each cavity must be com- 
parable with the wavelength in order to avoid undue 
trouble from higher order modes; and at shorter wave- 
lengths, say around 1 mm, such cavities would become 
difficult to make, and difficult to use for many of the 
conventional purposes and measurements. In addition, 
for cavities of the same material, shape, and mode of 
operation, the Q values are proportional to the square 
root of the resonant wavelength. This leads to a reduced 
precision in measurements, and to an increased effect of 
losses in such resonant structures at short wavelengths. 
In what may be called the ultramicrowave region of 
wavelengths,! there is thus a definite need for some re- 
placement of the conventional cavity resonator. Since 
cavities operate on the principle of multiple reflections 
and interference, it is natural to consider the use of an 
ultramicrowave form of an optical interferometer to re- 
place the cavity in this region. Thus, the use of a micro- 
wave interferometer based on the optical Fabry-Perot 
interferometer’? is indicated; the main problem for ultra- 
microwaves being the design of suitable reflectors with 


_ * Manuscript received by the PGMTT, September 28, 1959; re- 
vised manuscript received, October 26, 1959. 
} National Bureau of Standards, Boulder Labs., Boulder, Colo. 
11. Kaufman, “The band between microwave and infrared re- 
gions,” Proc. IRE, vol. 47, pp. 381-396; March, 1959. 
> F. A, Jenkins and H. E. White, “Fundamentals of Optics,” 
McGraw-Hill Book Co., Inc., New York, N. Y., pp. 269-276; 1950. 


low loss and adequate reflectivity, to give a large num- 
ber of multiple reflections and hence sharp fringes. This 
problem has been considered in a previous paper.’ 

The advantages of such an interferometer or cavity 
resonator for ultramicrowaves are that the reflectors 
and component parts are large compared with the wave- 
length. In fact the larger they are the less are the effects 
of diffraction on the measurements, and instead of be- 
coming more difficult, the problem of maintaining a 
high Q with a single mode of propagation and a struc- 
ture of adequate size, becomes easier the smaller the 
wavelength. 

Such an interferometer forms the cavity resonator for 
ultramicrowaves and can be used for wavelength meas- 
urements, wavelength spectral analysis, dielectric con- 
stant and loss measurements, and also as a cavity res- 
onator for frequency stabilization, millimeter-wave 
maser work, or for any other purpose for which micro- 
wave resonant cavities are used. 

In this paper the results of a pilot investigation on an 
interferometer employing new reflector designs are pre- 
sented. The theory of the interferometer, including dif- 
fraction effects, is given, and the particular reflector de- 
signs used are discussed. This interferometer was oper- 
ated at a wavelength of 6.28 mm. Values of the reflec- 
tivity obtained are given together with the results of 
wavelength measurements with the interferometer. 
Fringe sharpness and Q values were also measured, the 
fringes obtained being extremely sharp in agreement 
with theory. Some computations on the effects of dif- 
fraction for various reflectivities and aperture sizes were 
also made, the reflectors being assumed infinite in ex- 
tent: 

The results obtained substantiate the great potential 
use of this interferometer in the ultramicrowave region, 
and in addition show its use as regards precision meas- 
urements of wavelength, and hence the velcotiy of elec- 
tromagnetic waves. 


Il. THEORY AND DIFFRACTION EFFECTS 


Fig. 1 shows the symmetrical reflector or multiple in- 
terference section of the interferometer. Here r, is the 
voltage amplitude reflection coefficient, and ¢ is the 
amplitude transmission coefficient of a single reflector. 
Methods for computing these for various reflector de- 
signs have been considered in a previous paper.’ A 


*W. Culshaw, “Reflectors for a microwave Fabry-Perot inter- 
ferometer,” IRE TRANS. ON MICROWAVE AND THEORY TECHNIQUES, 
vol. MTT-7, pp. 221-228; April, 1959. 
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plane wave of amplitude incident on the reflectors 
as shown gives rise to waves of amplitudes Fi, Eo, Fs, 
and F, as indicated. The electric and magnetic fields at 
any point z between the reflectors may then be found 
by applying boundary conditions, or by the use of mul- 
tiple reflections,* and are given by 


aS Eot exp (— jkz){ 1+ 7 exp [— 2jk(d — z) |} 
1 — r,? exp (— 27ka) 
_ Ei exp (— jkz){1 — r, exp [— 2jk(d — 2)]} 
Zo|1 — ro? exp (— 2jkd)| 


(1) 


where k= 277/) for a lossless medium between the reflec- 
tors, d is the distance between the reflectors, and 
Zo=(u/e)¥? is the intrinsic impedance for the TEM 
mode of propagation between them. The impedance at 
any point z between the reflectors is then 


Z = E/H. (2) 


The transmission coefficient ¢ gives the attenuation 
and phase shift in passing through a reflector, and with- 
out loss in generality we may neglect any phase changes 
which occur on reflection, 7.e., put 7»=7. The reflector 
separation d for optimum transmission is then given by 


2kd = nz, n = 1, 2, 3, etc., (3) 


where is the order of interference. The fields between 
the reflectors for this separation then follow from (1), 
and the Q value of the reflector system may then be de- 
termined from 


Energy stored in reflector system 
O=o 2 ME) 


Mean dissipation of power in reflector system 


Since the energy stored is given by (1/2) efE-*Edv, 
and the mean energy dissipated per unit area is given 
by (1/2)(1—|r|?) Re (EXH*), where the Poynting 
vector flux is evaluated at the reflector surface, then as- 
suming no loss in the medium between the reflectors, we 
obtain 


Q = [nei + |r|)1/[20 — |r|] (5) 


which is independent of any transmission losses occur- 
ring in the reflectors, and depends only on the reflec- 
tivity. 

Similarly from (1) and (3), maximum and minimum 
values of the electric field between the reflectors at 
resonance, viz. 2kd=n7, are given by 


| Elmox? = Eo®| 0|2 + |r] 2/0 — | 1925 ©) 
| £ pelea = fra — |r). 7) 


If there are no losses in the reflectors, esi |r|? and 
(6) and (7) reduce to simpler forms involving only the 
reflectivity again. Similar equations hold for maximum 
and minimum values of the magnetic field. 


I 
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4C. G. Montgomery, e¢ al., “Technique of Microwave Measure- 
, ments,” M.I.T. Rad. Lab. Ser.,- McGraw-Hill Book Co., Inc., New 
York, N. Y., pp. 561-564; 1957. 
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To consider the effects of diffraction in the complete 
interferometer we require the reflection and transmis- 
sion coefficients 7; and ¢; of the interferometer section 
shown in Fig. 1. These may be deduced from (1) and 
are given by 


E, ro[1 + (2 — 72) exp (— 27k. 
nae ) exp (— 2jk,d)] , ® 
Eo 1 — ry? exp (— 27k.) 


Ey #? exp (— 7k,d) 
Nie = = = ) (9) 
Ey 1 — rp? exp (— 2 7k.d) 


where k. =k cos @ is the propagation constant for a wave 
incident obliquely on the reflector, @ being the angle be- 
tween z-axis and the propagation vector k. 


INTERFEROMETER 
RADIATING peg 
ANTENNA STEN 
bes 
dgs=— 
6] i 
ae DSECINCLE 
ty Ty REFLECTOR 
Dnsi : et 


Fig. 1—Diagram for millimeter wave Fabry-Perot interferometer. 


The T matrix® of the interferometer section shown in 
Fig. 1, relating the incident and reflected waves, is then 


given by 
bs ee. fhe: a3 
a | | (10) 
a To lias! bs 
where 
Tt a ers) 2, Pr try / i elt 
and 
Toot = Wie 


We may now deduce the reflection and transmission for 
the complete microwave interferometer, including the 
radiating and receiving apertures, and the various dis- 
tances involved. The theory given here is based on the 
scalar diffraction treatment of the problem instead of 
on the more precise vector treatment.® Some computa- 
tions of the diffraction correction in a Michelson inter- 
ferometer’ showed that the agreement between the sca- 


5 C, G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles 
of Microwave Circuits,” M.I.T. Rad Lab. Ser., McGraw-Hill Book 
Co., Inc., New York, N. Y., pp. 150-151; 1948. 

6D. M. Kerns and E. S. Dayhoff, “Theory of Diffraction in 
Microwave Interferometry.” (Paper to be submitted for publication. ) 

7 W. Culshaw, J. M. Richardson, and D. M. Kerns, “Precision 
Millimeter Wave Interferometry at the U. S. National Bureau of 
Standards,” Proc. Symp. on Interferometry, National Physical Lab., 
Teddington, Eng.; June 9-11, 1959. 
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lar and vector results is better than one part in 10%, 
when the radiating aperture is some 50 wavelengths in 
extent. It is thus believed that the use of scalar diffrac- 
tion theory in the Fabry-Perot interferometer is ade- 
quate for such aperture sizes, when the reflectors are very 
large compared with the wavelength, and have a high 
reflectivity. 

The field at any point in front of the radiating or horn 
apertures used in the interferometer is due to the super- 
position of waves in the plane-wave spectrum radiated. 
This is given by 


1 
8 (hey By) = > { f E(x, ) exp [j(Rax + kyy)dxdy], (11) 


where E(x, y) represents the aperture field in phase and 
amplitude, g(R:z, ky) is the radiated plane-wave spectrum 
or spectral density function, and k,, ky, k, are the rec- 
tangular components of the propagation vector. Con- 
sidering now only radiation from the waveguide-horn 
transducer along a particular direction k, and reception 
back along this same direction, the reciprocity relation 
between the radiated and received waves may be found. 
Representing the scattering matrix of the four terminal 
thus singled out by [.S], and its impedance matrix by 
[Z], we have® 


[2] = (l7] — ts) + Is) [Zo] (12) 


where [Z] is the unit matrix, and [Z|] the diagonal 
matrix of elements Z;, the waveguide characteristic im- 
pedance, and Zs, which might be k,/we or wu/k, depend- 
ing on the polarization, is the impedance along the z 
axis of the plane wave considered. Since Z12=Za1, 1.€., 
the impedance matrix is symmetric, from (12) we obtain 


S12Zo = S21Z1. (13) 


In the scalar approximation the polar angle @ is as- 
sumed small and Z, is taken as constant, and hence 
Si2= CS'21 where C is a constant. Si corresponds to the 
radiated spectral density function g(kz, ky), and we may 
write the scattering matrix of the radiating antenna for 
the particular direction k considered as 


a = [eA Cg(kz, is aa 
by (Meee Oh edky Soo ay) 


Here a wave of amplitude g(k., k,)dk.dky is radiated, re- 
ception for a wave returning along this same direction 
also being governed by the function g(kz, ky). Ampli- 
tudes a1, 6; and ax, by, respectively, correspond to inci- 
dent and reflected waves at arbitrary terminals in the 
waveguide, and at an arbitrary plane z=0, which is 
taken as the plane of the radiating aperture. 

The factor S22 represents the portion of the returning 
plane wave which is scattered by the antenna into a 
radiation pattern depending on the particular antenna, 


(14) 


*H. J. Carlin, “An Introduction to the Use of the Scattering 
Matrix in Network Theory,” Microwave Res. Inst., Polytechnic Inst. 
of Brooklyn, Brooklyn, N. Y., Rept. R-366-54; June 1954. 
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but which differs greatly from its usual radiation pat- 
tern or polar diagram. There will of course be contribu- 
tions to this scattered radiation from all the other plane 
waves in the spectrum which is received by the antenna, 
and this leads to an extremely complicated S22 term, 
and to multiple reflections between any antenna and a 
reflector. Practically it is necessary to reduce the effect 
of So. by attention to antenna design, and if necessary 
to insert additional attenuation between antennas and 
reflectors to reduce effects of any multiple reflections. 
In what follows this term is assumed to be small, and it 
is put into (14) to indicate that these effects can occur. 

With this clarification of the S22. term, an equivalent 
T matrix, similar to (10), for the waveguide-radiat ng 
antenna transducer may be written down appropriately 
for the cascading of elements in the complete interfer- 
ometer. Similar matrices may be written for the receiv- 
ing aperture-waveguide transducer, and for the line 
lengths 21, and z2, shown in Fig. 1, between the antennas 
and reflectors. From these together with (10), the equa- 
tion for reflection and transmission through the com- 
plete interferometer is obtained in matrix form. As ex- 
pected the So. term gives rise to multiple reflections and 
transits in the interferometer. Neglecting these, and 
with S,;=0, z.e., the antennas are matched to the wave- 
guides, the resultant amplitude reflection and transmis- 
sion coefficients are obtained by integration over the 
radiated plane-wave spectrum, v7z., 


pa oe f f [g(Rr, Ry) |? exp (— j2h.21)rrdkzdhky, 


b= Ca ff [o(bs bs) exp [= jhler + 2) ]ndbadhy. (13) 


Where Ci, C2 are constants, g(kz, ky) is assumed the 
same for both radiating and receiving apertures and is 
symmetrical about the normal to the aperture. 

The reflectors are considered infinite in extent so that 
there is no modification, by multiple reflections, of the 
plane-wave spectrum radiated by the horn aperture, 
this spectrum then being the one effective in the com- 
plete interferometer. The diffraction correction in this 
case arises from the summation of those plane waves 
which are passed by the reflector system to give the ob- 
served transmission maxima. From (15) we can com- 
pute the reflector and transmitted fringe shapes for any 
radiation pattern g(kz, ky), and reflectivity |r|; devia- 
tions from the position of optimum transmission given 
by (3) then represent the corrections due to diffraction 
in a wavelength measurement with the interferometer. 

Consider the transmission coefficient ty; the factor ¢; 
due to the reflectors becomes a sharp function for high 
values of reflectivity, and the reflector system then acts 
like a plane-wave filter, passing various portions of the 
radiated spectrum as d is optimized for each plane wave 
in the spectrum, 7.e., when 

2k.d = nn, 


n = 1, 2, 3, etc. (16) 
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This is illustrated in Figs. 2 and 3 where the radiation 
pattern g(kz, ky), and the expression [g(k., k,) |? | tr| 
are plotted for a uniformly illuminated slot 24 \ wide, 
with ~=50 and 400, and a reflectivity | r| 2—().999. The 
sharp peaks show how the antenna pattern is scanned by 
the selective reflector system as the distance d is contin- 
uously optimized for various angles 0, since k:=k cos 0. 
In the method of operation considered here we vary d to 
get the transmitted maximum signal amplitude. Figs. 
2 and 3 show how the “fringe” builds up as we scan 
across the antenna pattern. We have not included phase 
variations in these considerations, but the results indi- 
cate that the position of maximum response will occur 
when the interferometer is optimized for plane waves 
close to the axis, 7.e., around the 6=0 position. A similar 
phenomenon occurs in the optical Fabry-Perot? inter- 
ferometer where a circular fringe system appears, the 
rings getting sharper as we move out from the center. 
Since this result would give an accurate measure of the 
free space wavelength, or propagation constant k, it 
may be expected that errors due to diffraction will be 
small for high reflectivities and large reflectors. 

This is substantiated by some provisional computa- 
tions made using (15). Fig. 4 shows the computed fringes 
obtained for d varying around values corresponding to 
orders of n=160 and 478, assuming a reflectivity |r 2 
of 0.99. The wavelength used in the computations was 
6.27817 mm, and the function g(k:, k,) used corre- 
sponded to that radiated by a 60-cm square apertrue 
with an Hy rectangular waveguide mode field distribu- 
tion. Wavelengths of 6.278183 mm and 6.271877 mm 
were obtained from the positions of the computed trans- 
mission maxima at the above orders of interference. 
These results indicate that even at the relatively low 
values of reflectivity used here, wavelength measure- 
ments with very large reflectors are quite accurate. Since 
a measure of the insertion loss of the interferometer is 
given for infinite reflectors by the ratio of the areas un- 
der the antenna pattern and the curves of | tr| [e(he Bales 
it is apparent from Figs. 2 and 3 that the insertion loss 
in the interferometer will depend on the reflectivity and 
order of interference used. It will also depend on the 
width of the radiated angular spectrum. The magnitude 
of the diffraction correction and the insertion loss can 
be made smaller with decreasing wavelengths, since 
apertures and reflectors larger in terms of the wave- 
length can then be used. 


III. REFLECTOR DESIGNS AND REFLECTIVITY 
MEASUREMENTS 


In the microwave region reflectors can be designed 
using metallic rods, irises, dielectric sheets, etc., suitably 
positioned on an equivalent transmission line, and for 
which an equivalent circuit representation may be 
found. Such methods have been considered previously 
by the author,’ where the reflectors consist of capacitive 
or inductive rod gratings, or perforated hole gratings 
stacked behind each other. Optimization of the designs 
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Fig. 2—Scanning of antenna pattern by reflector system, and buildup 
of fringe in microwave Fabry-Perot interferometer. 
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Fig. 3—Scanning of antenna pattern by reflector system and buildup 
of fringe in microwave Fabry-Perot interferometer. 
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Fig. 4—Computed responses of Fabry-Perot interferometer for in- 
finite reflectors, |r|2=0.99, apertures 60 cm square, \=6.27817 
mm. 


and the bandwidth of such structures are also consid- 
ered. Fig. 5 shows two types of reflectors which have 
been used on the microwave Fabry-Perot interferom- 
eter described here. The rod structure shown is a ca- 
pacitive type grating, with the electric vector perpen- 
dicular to the rods. A number of such gratings are 
stacked behind each other at the spacing for optimum 
reflectivity. The rods were made from steel (drillrode 
the diameter of which is held to fairly close tolerance, 
and which is fairly straight. Different numbers of lay- 
ers or gratings could be used and the change in reflec- 
tivity studied. In this design the rods were 7 inch in 
diameter, the spacing between the rods in a grating was 
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0.103 inch, the spacing between ‘gratings was 4/2, the 
apertures were 7.5 inches square, and the wavelength 
was 6.28 mm. 

The other reflector shown in Fig. 5 consists of a single 
brass plate @ inch thick with holes 7 inch in diameter. 
The holes were drilled in it at a $-inch spacing. A num- 
ber of these could be stacked behind each other, but 
calculations show that the reflectivity from one such 
sheet is quite high. This is found by using the approxi- 
mate rule for the transmission coefficient of a small hole 
in a thick plate, which gives a value of |r|2=0.9993 
for the single perforated brass plate. 

In Fig. 6, which shows the complete interferometer, 
the reflectivity was measured by observing the trans- 
mission coefficients of the reflectors. Two horn-lens 
apertures were used as shown, and the insertion loss due 
to placing a carefully aligned reflector between them 
was measured. There were multiple reflection effects be- 
tween the reflector and the horn antennas, and a mean 
value of insertion loss was used. The measured reflec- 
tivity of the plate was 0.9993; this high value clearly 
indicating the potentialities of this structure for obtain- 
ing sharp fringes on the interferometer. Table | shows 
the reflectivity from various layers of rods in the capaci- 
tive grating; the agreement with calculated values is 
quite reasonable. These extremely high reflectivities 
clearly indicate the advantages of a microwave Fabry- 
Perot interferometer, as regards fringe sharpness, over 
its*optical counterpart. 


IV. THE INTERFEROMETER AND RESULTS 


Fig. 6 shows a photograph of the interferometer with 
the 6-inch-square radiating horn-lens aperture on the left 
and a similar receiving horn on the right. Radiation at a 
wavelength around 6.278 mm is obtained by multiply- 
ing up from a quartz-crystal-controlled oscillator at 
5.525 mc, which gives a source stable in frequency toa 
few parts in 10%, and with a reasonably steady power 
output of 1 mw or so at 47,736 mc. By adjustment of a 
small capacitance in the 5.525-mc oscillator circuit, the 
frequency can be changed over a range of 12 mc around 
47,736 mc. The radiation is then incident on the reflec- 
tor system, the reflectors being supported on the large 
aluminum blocks which contain ball bushings and which 
slide on the supporting steel rods shown. Superhetero- 
dyne detection is used at the receiver, a QK294 klystron, 
frequency stabilized to a high Q resonant cavity after 
the method of Pound” and acting as a local oscillator at 
47,706 mc. This is followed by an IF amplifier, a dc am- 
plifier, and the Esterline-Angus recorder. One of the re- 
flectors can be moved slowly by a lead screw and motor 
drive, and the fringes can be recorded. In addition, there 
are micrometers for accurate setting of the reflector, and 
also provision for measuring the change in reflector 


Ane G. Montgomery, R. H. Dicke, and E. M. Purcell, op. cit., 
p. 201. 


20 R, V. Pound, “Electronic frequency stabilization of microwave 
oscillators,” Rev. Sct. Inst., vol. 17, pp. 490-505; November, 1946. | 
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Fig. 5—Capacitive rod gratings and perforated plate reflectors for 


millimeter wave Fabry-Perot interferometer. 


Fig. 6—Millimeter wave Fabry-Perot interferometer. 


TABLE I 


CALCULATED AND MEASURED VALUES OF REFLECTIVITY FROM A | 
NUMBER ” OF STACKED CAPACITIVE Rop GRATINGS 


n 1 2 3 4 5 
’n|* measured | 0.4635 | 0.9000 | 0.98415 | 0.999 0.99976 
?n|* calculated | 0.4854 | 0.8796 | 0.97699 | 0.99683 | 0.99925 


separation by length gauges, and hence for determining 
the number of fringes in a given displacement of the 
moveable reflector. 

To set up the interferometer, the horn apertures are 
aligned along the axis of the reflector carriage, and ad- 
justed for optimum signal without the reflectors. The 
reflectors are then inserted in their mounts, which have 
various screw adjustments for setting the reflector sur- 
faces parallel and perpendicular to the axis. Some ad- 
justments of these are made until a transmitted fringe is 
seen when moving the reflectors apart. These reflector 
adjustments are rather critical at the high reflectivities 
involved here, and they are continued until the cleanest 
and sharpest possible fringe is obtained. Maladjustment 
of the reflectors can lead to various fringe shapes; each 
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fringe may consist of two separate sharp maxima, or 
there may be a number of smaller fringes associated with 
the main maximum. This reflector adjustment is critical 
and tedious, and the use of optical collimation methods 
would probably lead to a more satisfactory procedure. 

Fig. 7 shows the increase in sharpness of the fringes 
for 1, 2, and 3 layers of the capacitive rod gratings dis- 
cussed in Section III. In addition to the sharpening of 
the fringes, the signal at the minimum between the 
fringes decreases towards the noise level. Further layers 
were added but no additional sharpening of the fringes 
was observed. This is without doubt due to the relative- 
ly small reflector area used here, viz. 7.5 inches square, 
since the multiple reflections between the finite reflec- 
tors will modify the angular spectrum of radiation be- 
tween them, and this becomes the dominant effect at 
relatively high reflectivities. For large reflectors the 
fringe sharpness for 4 layers would increase over that 
obtained for 3 layers. 

Fig. 8 shows the very sharp transmitted fringes ob- 
tained with the 12-inch-square perforated plate reflec- 
tor at a reflector-separation of 7 inches. The spacing be- 
tween the fringes corresponds to \/2 or 3.14 mm, and 
the complete fringe occupies a length of about 51074 
inches. Similar fringes were obtained for a reflector-sepa- 
ration of 30 inches, except that the fringes became some- 
what wider. This effect is mainly due to the finite size of 
reflectors used, but it also depends on the radiating aper- 
ture size used, and could be reduced by the use of larger 
(in terms of the wavelength) apertures and reflectors. 
Even so, these fringes are the sharpest ever obtained on 
a Fabry-Perot interferometer, and the importance and 
use of this interferometer as the cavity resonator for 
ultramicrowaves is clearly indicated. 

Another measure of fringe sharpness may be defined 


by 


Qa = /2Ad, (17) 


where Ad is the displacement from the maximum- to the 
half-intensity points on the fringe. Since *Qg=nQ/2 it 
follows from (5) that 


Oz = r(1 + |r|2)/( — | 7’) (18) 


and for | r|2=0.999 this gives Qg=628°. With the per- 
forated plate reflectors Qu, values of 2000 and 530 have 
been measured at reflector-separations of 25 cm and 75 
cm, respectively. The theoretical value of Qa given by 
(5) assumes a single plane wave in the interferometer, 
whereas the antenna radiates a whole spectrum of these 
of a width dependent on its dimensions and field distri- 
bution. Apertures 6 inches square were used here, the 
beamwidth or plane-wave spectrum extending at least 
some 2° either side of the central maximum. In addition 
the effects of the finite reflector size, particularly at the 
larger reflector-separations, and the scanning of the an- 
tenna pattern at the larger reflector-separations, all con- 
tribute to an increase in the measured fringe width. 

Fig. 9 shows the increase in fringe width with reflec- 
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Fig. 7—Fringes for 1, 2, and 3 layers of capacitive rod gratings. 
\=6.28 mm, reflectors 7.5 inches square and 10 inches apart. 
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Fig. 8—Fringes on interferometer with perforated sheet reflectors. 
Reflectors 12 inches square, 7 inches apart, A=6.28 mm. 
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Fig. 9—Showing increasing fringe width with reflector sep- 
aration. 12-inches-square perforated sheet reflectors. 


tor separation for the 6-inch-square apertures and 12- 
inch-square reflectors. In addition there is a falling off 
in the intensity of the fringes as the reflector-separation 
is increased. At a reflector spacing of 6 inches, the inser- 
tion loss of the reflector system is around 15 db. This is 
due to the selectivity of the reflector system, as is evi- 
dent from Figs. 2 and 3. For a larger order of interfer- 
ence the selectivity increases, assuming infinite reflec- 
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tors, and the insertion loss will increase. There will also 
be, in this case, effects due to the finite reflector size 
used, and in the present experiment an increase in in- 
sertion loss of some 8 db occurs when the reflector sepa- 
ration increases from 6 inches to 23 inches. 

Frequency selectivity measurements were made on 
the 12-inch-square perforated sheet-reflectors by chang- 
ing the frequency of the quartz-crystal oscillator in the 
frequency multiplier chain. Results were obtained for 
reflector separations of 6 inches and 17 inches, and gave 
values of 87,000 and 116,000, respectively, for Q. The 
frequency selectivity is thus extremely high for the 
wavelength used, viz. 6.28 mm, and could probably be 
made higher. Similar results can be obtained at still 
shorter wavelengths and the interferometer has great 
potential use for measurements and devices in the ultra- 
microwave region. 

Variations in the width of the same fringe for various 
reflector dimensions are shown in Fig. 10 for a reflector 
spacing of 25 cm. The increase in fringe width for the 
smaller reflectors is evident, and there is also a reduction 
in the intensity of the fringes with the smaller reflectors. 
Similar results were obtained at reflector spacings of 75 
cm, the fringes being some 4 or 5 times wider than those 
shown in Fig. 10. At a 25-cm spacing the difference be- 
tween fringes for 12-inch- and 10-inch-square reflectors 
is not very great. Here the antenna pattern is beginning 
to be the dominant thing as regards fringe width. At the 
larger spacing the difference between 12-inch- and 10- 
inch-square reflectors is more pronounced, and the use of 
larger reflectors would reduce the fringe width. As al- 
ready indicated the fringes are quite sharp, since one 
large division on the abscissa of the chart corresponds 
LOM soo% (On? inches, 

The wavelength of the radiation was measured on the 
interferometer by starting with an initial reflector sepa- 
ration and counting the number of fringes in a given 
displacement. For this initial work the displacement 
was measured with Pratt & Whitneyend gauges mounted 
in the V groove shown in Fig. 6; the results are shown 
in Table II. For these measurements, the distance be- 
tween the radiating and receiving horns was 72 inches, 
and the distance to the first reflector from the radiator 
was 26.5 inches; this reflector was fixed in position. Tak- 
ing the velocity of light as c=299,792.5 km/second,"! 
and the known frequency of 47,736 mc, the following 
values of wavelength are obtained. For n, the refractive 
index of the air surrounding the interferometer, equal 
to 1.0003, Axir=6.27835 mm, and for n=1.0002, 
Nair = 6.27896. The refractive index m was not measured, 
but is expected to be within the above range. For the 
present purposes of comparison it is sufficient to use the 
mean values of Table II, and the mean of the calculated 
wavelength in air; then the discrepancy amounts to 


4K. D. Froome, “A new determination of the free-space velocity 
of electromagnetic waves,” Proc. Roy. Soc. (London) A, vol. 247, pp. 
109-122; September, 1958. 
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Fig. 10—Variation in fringe shape with reflector size. Perforated 
sheet reflector, dimensions shown. Spacing d=25 cm. 


TABLE II 


RESULTS OF WAVELENGTH MEASUREMENTS WITH THE 
MIcROWAVE FABRY-PEROT INTERFEROMETER 


Initial reflec- Number Reflector Measured 
tor separation, of size, in wavelength, in 

in inches fringes inches millimeters 

if 97 122 6.28102 

a 97 10X10 6.28108 

of 97 8X8 6.28108 

7 146 WAS GIey 6.28142 

7 146 10X10 6.28146 

20 97 12 <2 6.28138 

23 146 12 5¢12) 6.28100 

23 146 10X10 6.28118 


0.04 per cent, the measured values being too high. For 
precision measurements a diffraction correction must be 
applied to the measured values based on (15), and the 
effect of a finite reflector size on the measurements in- 
vestigated further. The displacements would also have 
to be measured more accurately than in this case. Nev- 
ertheless, the present agreement between measured and 
computed wavelengths is good enough for many pur- 
poses, even without any diffraction or other corrections, 
the error being around 0.04 per cent for this particular 
interferometer. This accuracy is better than that of most 
commercial resonant cavity wavemeters at this fre- 
quency, and the superiority of the interferometer would 
be much more evident at shorter wavelengths. 


V. CONCLUSIONS 


The results obtained here on the microwave Fabry- 
Perot interferometer are very significant, and indicate 
its great potential use at millimeter and submillimeter 
wavelengths. The microwave reflector designs used here 
at 6-mm wavelengths give the required high values of 
reflectivity, are relatively simple and easy to make, and 
thus permit the use of reasonable scaling factors for 
operation with ultramicrowaves. A high value of wave- 
length resolution has been obtained with the present 
interferometer, and this would be useful in the wave- 
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length analysis of millimeter wavelength sources too 
high in frequency to be measured conventionally. 

Operating in the TEM mode the interferometer rep- 
resents the ideal form of cavity resonator, permitting 
the use of relatively large structures at very small wave- 
lengths with complete freedom from troubles due to 
higher order modes. The Q values obtained here are 
higher than can readily be attained by a conventional 
cavity resonator at these frequencies, and the indica- 
tions are that still higher Q values can be obtained for 
apertures and reflectors larger in terms of the wave- 
length. As the cavity resonator for ultramicrowaves, the 
use of the interferometer for dielectric constant and loss 
measurements on both solids and gases is clearly indi- 
cated, and in the ultramicrowave region of the spectrum 
such a method becomes most advantagoues. Its use in 
all other microwave devices employing a cavity is also 
possible, and in particular it would appear that the in- 
terferometer can be used with facility as the cavity 
resonator for masers designed to operate at millimeter 
and submillimeter wavelengths. 

Aperture and reflector dimensions of 24 \ and 504, re- 
spectively, in extent were used here, and the insertion 
loss at optimum transmission is around 15 db. Conse- 
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quently, the reflected power is quite high so that the 
fringes are best observed in transmission. For smaller 
wavelengths the problem of adequate aperture and re- 
flector dimensions in terms of the wavelength becomes 
easier, and interferometers for specific purposes such as 
maser cavities become easier to accommodate and use 
with the associated apparatus. Also with apertures and 
reflectors which are large in terms of the wavelength, 
the problem of the diffraction correction becomes less 
severe and important, and the ease with which the inter- 
ferometer can be used for precision measurements such 
as the velocity of light, and as a microwave standard of 
length, will improve with the use of shorter wavelengths. 
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Boundary Conditions and Ohmic Losses 


in Conducting Wedges’ 


ROBIN M. CHISHOLM{ 


Summary—The present work is concerned with the boundary 
conditions required to calculate the ohmic losses occurring in metal- 
lic wedges under the influence of electromagnetic waves which are 
sinusoidal in time. The validity of the surface impedance condition 
used in calculating waveguide wall losses is examined carefully, and 
a ‘“‘modified” surface impedance condition, which can be applied to 
wedge problems in which the perfectly conducting solution is known, 
is developed. A simple waveguide having a circular cross section, a 
sector of which is occupied by a metal wedge, is used as an example. 
The tangential magnetic field variations along the surface of the 
wedge are shown graphically, demonstrating, near the tip of the 
wedge, a large deviation from the tangential magnetic field of the 
perfectly conducting solution. 
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I. INTRODUCTION 


HE heat losses within any conducting object 
[couse by the presence of an electromagnetic 

field, can be calculated by calculating the average 
flow of power into the object as a result of the tangential 
fields on its surface. The boundary conditions which 
must be imposed on the surface of a metallic wedge in 
order to calculate this power flow must be considered 
very carefully. The standard surface impedance condi- 
tion used in the calculation of waveguide wall losses re- 
lates the tangential electric field at a conducting bound- 
ary to the known tangential magnetic field which 
would exist at the boundary if it were perfectly conduct- 
ing. This condition, when applied to wedge problems, 
often leads to fields which do not satisfy the Meixner 
edge condition [1] and to infinite power losses in the re- 
gion of the tip. 
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Wedge problems have received considerable attention 
in the past because of the possibility of infinite field 
strengths at the tip of any wedge-shaped boundary. Be- 
cause of this, the common technique of discarding wave 
functions which possess singularities cannot be used, 
and many boundary value problems involving wedges 
appear at a first glance to lack uniqueness. In 1949 
Meixner published his classical paper [1] on the “edge 
condition,” which added a further “boundary condi- 
tion” to wedge problems, making their solution, in any 
situation, unique. Since then, the formulation of prob- 
lems involving perfectly conducting wedges has been 
quite straightforward, although the subsequent solu- 
tions to many such problems are very complex. In re- 
cent years, the problem of diffraction by an imperfectly 
conducting wedge has been treated [2], [3] and the sur- 
face impedance boundary condition used. Although 
some doubt was expressed about the validity of the con- 
dition in the neighborhood of the wedge tip, it was as- 
sumed to hold for the entire wedge face and no apparent 
difficulties resulted. 

Difficulties do arise, however, when the surface im- 
pedance condition is used to modify solutions to per- 
fectly conducting wedge problems for the purpose of cal- 
culating ohmic losses, and, for this reason, the general 
problem of field behavior near conducting wedges is 
studied in the present work. In Section II, the exact 
field behavior within a few skin depths of the wedge tip 
is examined. In Section III, the surface impedance con- 
dition is derived using a wedge-shaped boundary and is 
expressed in an integral form which reduces to the well 
known surface impedance condition [4] except within 
a few skin depths of the tip of the wedge. In Section IV, 
the coupled modes in a wedge or septate waveguide 
(Fig. 2) are developed and the reason for the apparent 
breakdown in the surface impedance condition at the tip 
of the wedge is illustrated. An approximate solution to 
the problem is developed which agrees with the anal- 
yses of Sections II and III and a numerical example, 
using the wedge waveguide, is presented graphically in 
Pig, 3. 


Il. FrELD BEHAVIOR NEAR THE TIP 


In treating the behavior of the fields near the tip of 
the wedge, the cylindrical coordinates r, ¢, and gz are 
used. The 2 axis is taken along the axis of the wedge 
which is shown in cross section in Fig. 1. The wedge has 
been symmetrically placed with respect to the x axis 
and, in the region outside of the wedge, the coordinate 
angle @ is measured from the positive x axis. The fields 
within the metal wedge are represented in terms of 
another cylindrical coordinate system 7, ¢, and z in 
which the coordinate angle 6 is measured from the nega- 
tive x axis, as shown. The two faces of the wedge are 
given by 


@ = +94, d= — d2 
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Fig. 1—The coordinate system used. 


and 


? = = 5 = + ¢2, 


and the total wedge angle ¢po is given by 
do = 2¢2. 


The fields are assumed to vary as exp (jwt) and the elec- 
tric properties of the wedge are designated by a complex 
permittivity, 


é= 9 — ja/a, 


where j=4/—1, and o is the electrical conductivity in 
mhos per meter. The wedge is assumed to have a mag- 
netic permeability, Z, which is very close to uo. Variation 
in the z direction is assumed to be of the form exp (— 32), 
as it would be in a wedge waveguide. 

The other four field components can be expressed in 
terms of E, and H, by the following relationships [5]: 


E, = — (j8/a2) ae (jou /o2r) aan (1) 
or 0g 
OE, OH. 

Es = — (j8/o?r) — + (jop/a?) , (2) 
(eTo) r 

H, = (jwe/a?r) ae — (j8/a?) chek? (3) 

0g or 

Hs = — (jwe/a?) ee Qe (4) 

or dd 


where 8, in the case of the wedge waveguide, is the axial 
propagation constant 27/\g¢ and a is related to the free- 
space propagation constant k=27/Xo, by the relation, 


atk? — Be 


Representations of the form (1) to (4) are valid both in- 
side and outside of the wedge when the appropriate e€ 
and w are used. The constant 6 must be the same for 
both regions, but @ in the interior region is many times 
larger than @ in the exterior region. In both regions, 
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both £. and H,. must satisfy the two-dimensional wave 


equation, 
0 ( *) 
r r 
or or 


where ~=E, or H, and @& replaces a in the interior 
region. - 

Following a procedure similar to that used by Meix- 
ner [6], the fields E. and H, can be expanded in a power 
series in r about the origin, 7=0. 


Eas) eqn tte (6) 


+ eM + (ar) py = 
36? (ar)*y = 0, (5) 


and 


ie r= S oe grukaien (7) 


where the c,’s and y,’s are functions of the angle ¢ and 
0<Re (t#) <1. Using (1) to (4), similar series can be de- 
rived in terms of the c,,’s and y,’s for the four transverse 
field components. The Meixner edge condition [1], 
which requires that the energy density in the fields be 
integrable at the wedge tip, limits the behavior of the 
six field components for small values of 7. It is a simple 
matter to show that finite energy requires the two field 
components parallel to the wedge axis to remain finite 
as r approaches zero. This, in turn, means that, if 
0<Re (t) <1, c; and y: are the smallest nonzero coefh- 
cients in the series for E, and H,. The transverse field 
components, however, may behave as 7‘ as long as the 
real part of ¢t is greater than zero. 

Substituting (6) and (7) into the wave equation (5), 
yields simple, ordinary differential equations for the co- 
efficients c, and Yn, and in particular, 

ac 


ma era f) (8) 


with similar equations for 1, @:, and 71, where the bar 
indicates fields within the wedge. This means that 


c, = 1, cos (to) + J2 sin (t¢), (9) 


and 

v1 = Ax cos (tb) + 2 sin (/P). (10) 
Within the metal wedge, E, and H, can be expressed in 
the same form, and in both regions the behavior of the 
transverse field components as 7 approaches zero can be 
found using (1) to (4) together with (9) and (10). In the 
outside region, 


E, = [Li cos (t#) + Le sin (16) |r (11) 
Es = [Le cost (@) — Lisin (i$) |r"; (12) 
H, = [Arcos (t#) + Az sin (ig) |r, (13) 
Hz = [As cos (#6) — Ar sin (16) |r, (14) 
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with a similar representation within the wedge. In terms 
of ¢, and yi, 


Ly = — (jt/a2){ Bl: + wprs}, (15) 
Lo = — (jt/a?){ Ble — wudar}, (16) 
Ay = — (jt/a®){Bd1 — wele}, (17) 
Aa = — (jt/a?)|Br2 + wel}. (18) 


An identical set of relationships holds for the barred 
quantities which represent the fields within the wedge. 
Continuity conditions at the wedge faces can then be 
used to determine the L’s and A’s in terms of a single 
amplitude factor. An estimate of how small r must be 
before the first term is predominant in all of the series 
involved, can be made by studying (5). This equation 
can be written in terms of the dimensionless variable 
(ar) and power series solutions appropriate to each region 
would involve either (ar) or (a7). Since, within the metal, 
a~(—jwyo)'?, the condition that the first term of the 
series within the wedge be predominant is that (7/6) <1 
where 6 = (2/wyua)!” is the skin depth of the metal. 

The continuity of E,, e£;, H, and wH, at the two 
wedge faces yields eight homogeneous, linear equations 
in the eight unknown coefficients which determine the 
field behavior near the tip of the wedge. Because of sym- 
metry with respect to the angle ¢, these equations can 
be separated into two sets of four equations each. For 
fields which are even in E, and odd in H, with respect to 
oy (J2=12=h1=\1=0), 


L; cos (t¢1) — L1 cos (tb2) = 0, (19) 
éoL1 sin (61) + éL1 sin (td2) = 0, (20) 
Ag sin (toi) + Ae sin (th2) = 0, (21) 
uoAe cos (to1) — @A2 cos (tb2) = 0. (22) 


A nontrivial solution to this set of equations exists if, 
and only if, 


cos (tb1), — COs (t2) sin (t1), sin (tp2) =0 (23) 
sin (161), g sin (tha) | | cos (¢b1), — g cos (2) 
where 
g=é/e and g = Gi/wo. 


Eq. (23) yields two sets of discrete eigenvalues for the 
exponent f. One set, which depends only on g, makes the 
first factor in (23) vanish. The other set, which depends 
only on q, makes the second factor vanish. 

A similar set of equations results from fields which are 
odd in E, and even in H, with respect to the angle ¢ in 
Fig. 1. In general, four sets of eigenvalues for ¢ occur. 
Two sets depend only on the electric properties of the 
wedge and are given by the roots of 


sin (tm) 


= ) (24) 
cos (tp1) sin (t2) 
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and 
sin (tm) 


cos (tbs) sin (tp1) 


—g= (25) 
The first of these is associated with fields which are even 
in £. and the second with fields which are odd in , with 
respect to the coordinate angle ¢. Replacing g by q in 
(24) and (25), two other sets of eigenvalues occur which 
depend only on the magnetic properties of the wedge. 

Solutions associated with values of ¢, determined by 
the electric properties of the wedge, yield nonzero 
values for L; and LZ; in (19) to (22), but admit only the 
trivial solution, As=A.=0, for the coefficients associ- 
ated with H, and Hg in (13) and (14). Solutions asso- 
ciated with values of ¢ determined by the~magnetic 
properties of the wedge, on the other hand, yield non- 
zero values for the A’s and admit only the trivial solu- 
tion for the L’s. It can be seen, from (11) to (14), that 
a field component can become infinite at the tip of the 
wedge only if an eigenvalue of ¢ which is less than unity 
admits a non-zero value for the L’s or A’s associated 
with that component. This, in turn, means that any 
singularities in the transverse components of the mag- 
netic field at the tip of the wedge depend only on the 
magnetic properties of the wedge. Singularities in the 
transverse components of the electric field, moreover, 
depend only on the electric properties of the wedge. If 
the wedge has a magnetic permeability @ equal to up and 
a conductivity of o mhos per meter, then 


1 — g = (jo/se0) 


and 
Li ¢ = 0; 
The “magnetic eigenvalues” are determined by the roots 
sin (t7) 
= ons (26) 
cos (tpi) sin (t2) 
and 
sin (tm) 
O-= (27) 


cos (tos) sin (t1) 


which yield only integral, nonzero values for ¢. This 
means that no singularity can occur in either H, or H, 
at the tip of the wedge. If @ is close to wo, moreover, t 
will lie very close to a positive integer and any singular- 
ity in H, or Hy will be of a very low order. 

The “electric eigenvalues,” on the other hand, are de- 
termined by the roots of 


; . sin (¢7) 
eee cos (#61) sin (tbs) ce 
and 
Gia eee (29) 


cos (tes) sin (is) 
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For large values of (¢/weo), these eigenvalues lie close to 
the zeros of sin (tb1), sin (tb2), cos (#d1), and cos (ps2), 
which are given by 


(30) 


(n + 1)r/(2¢1) 


Linn 
and 


(n + 1)1/(2¢2) (31) 


I 


ton 


where 1 is a positive integer or zero. Eigenvalues which 
are even multiples of +/2¢1 or odd multiples of 7/22 
are associated with solutions for E, which are odd with 
respect to the angle ¢. The others are associated with 
fields which are even in £;. 
If $2 lies between 0 and 7/2, then the only eigenvalue 
less than unity in either (30) or (31) is 
tio = 1/241. (32) 
For finite but large ¢, moreover, the lowest eigenvalue 
for the metallic wedge is approximately given by 


jweo tan (t1,07) 


oP 


(33) 


tz = t1,0 


As o becomes infinite, tg approaches f1,9, the eigenvalue 
for the perfectly conducting wedge, as 1/o or as 6°, 
where 6 is the skin depth. This “perturbation” in ¢ caused 
by the finite wall conductivity, therefore, is a second 
order effect compared to the “coupled modes” discussed 
in Section III. 

The axial fields associated with this lowest eigenvalue 
are given, near the tip of the wedge, by 


Ez = 1, cos (tr) r® (34) 
and 


He Ne sin (tmd)r", 


(35) 
where /; and dy are related to each other from (18) by 
ly = (— B/weo)A2 (36) 


since A»=0. Eq. (36) shows a fixed coupling between E, 
and H, which is independent of the conductivity o of the 
wedge. The two magnetic field components which are 
perpendicular to the axis of the wedge, moreover, cannot 
have a singularity of an order greater than r‘z—! where 
ty is the lowest eigenvalue associated with the magnetic 
properties of the wedge. This eigenvalue in practice is 
very close to unity. Using (3) and (4), these conditions 
can be expressed mathematically in terms of the two tip 
equations: 


ea he r oe —0 faster than rt# (37) 
Od weg OF 
and 
Nal, ayy Ge, 
es tare 0 faster than r (38) 
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These equations do not, of course, restrict the behavior 
of E. and H, unless these field components individually 
approach zero more slowly than r‘x. It can be shown, 
however, that (37) implies (38) and is a necessary and 
sufficient condition for finding the coupled EL. near the 
tip of an imperfectly conducting wedge if H, is a given 
wave function which approaches zero as r! where t<ty 
[and indeed ¢ can be as low as fz in (33) |. 


Ill. FreELD BEHAVIOR AWAY FROM THE TIP 


In Appendix I an expression is derived for the rela- 
tionship between FE, and H, on the surface of a metal 
wedge where the coordinates used are shown in Fig. 1. 
The expression is in integral form and holds everywhere 
on the faces of the wedge. For highly conducting wedges 
the expression reduces to 


Wu r 

E.(r, o1) = Al H,Hy®(@| 2 | \dx (39) 
in which &-, is the axial electric field on the surface 
@=-+¢1, a distance 7 from the tip of the wedge. H, is 
the radial magnetic field a distance x from the point at 
which £, is being evaluated. H,® (a| x|) is a Hankel 
function of the second kind [7] which behaves as 
(42ra| x|)-? exp (—ja| x| —tr) for large values of | «| : 
If @ has a negative imaginary part H), (a| x| ) vanishes 
rapidly as | x| increases and, for y more than a few skin 
depths, the upper limit in (39) can be taken as +. 
Furthermore, if H, is continuous and slowly varying 
near the point x=0, it can be replaced by its value at 
x =0, in which case (39) becomes 


EAT, $1) — = AA, $1) { “Ay (a| ac | \de0: (40) 


This integral can readily be evaluated by using tables 
of Laplace transforms [8] to yield 


ayn 2 
E,(r, 1) = rE oo, a LG, 1) (41) 


for large values of wedge conductivity. Zs is called the 
surface impedance of the metal and is related to the skin 
depth 6 by 

wpud(1 + 7) 


= (42) 
2 


The same analysis can be used to relate E, at the wedge 
face ¢=¢: to H, yielding the result, 


E, (1, $1) =e Zee, $1): (43) 


Relationships on the other wedge face = —@1 are iden- 
tical except for sign. 
This surface impedance condition relates the tangential 
electric field at the surface of the wedge to the total 
tangential magnetic field existing at the same point. 
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This relationship is valid to within a few skin depths of 
the wedge tip, and the error introduced by assuming 
that it holds over the entire wedge face does not appear 
to be too large. This assumption has been used success- 
fully in diffraction problems [2] and the integral ex- 
pression (39) does not indicate any violent breakdown 
in the relationship. If the actual H,, however, is assumed 
to be the same as it would be if the wedge were perfectly 
conducting, this field becomes infinite at the wedge tip 
in many problems. Applying the surface impedance con- 
dition in this case would yield an axial electric field 
which would become infinite at the wedge tip in viola- 
tion of the edge condition. This difficulty, however, can 
be resolved by considering a simple example. 

The lowest propagating mode of the wedge waveguide 
shown in cross section in Fig. 2, when perfectly con- 
ducting walls are assumed, is governed by the axial 
magnetic field, 


H,® = J;(ar) sin (i) (44) 


where t=t1,9 = 7/2¢1, and J;:(a@r) is a Bessel function of 
the first kind. The constant @ is defined in Section II 
following (4). The radial magnetic field associated with 
this mode is given by (3), namely, 


eee T {(er) sin (td). (45) 


Fig. 2—The wedge waveguide. 


The finite conductivity of the walls will introduce an 
axial electric field proportional to Z, or to the skin depth 
§. This perturbation cannot be taken care of by the small 
perturbation in the eigenvalue ¢, which by (33) is propor- 
tional to 62, and a coupled mode must be introduced. 
By using a well known relationship for Bessel functions 
[9] a wave function EZ.’ can be found which, on both 
wedge faces, satisfies the condition, 


Ef = be Zellines (46) 
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and which has the form, 
Zhe ees cos [(¢ — 1)¢| 
2a cos [(¢ — 1)¢1] 
_ font co +NAN ap 
cos [(¢ + 1)¢1] 


Le = ss 


This “coupled” mode, moreover, carries with it a radial 
magnetic field which is related to E.* by (3). Calling this 
coupled magnetic field H,°, it is given by 


ih ee, See (48) 


Since, for any fixed position on the surface of the wedge, 
E is proportional to Z,H,°, H,* is also proportional to 
Z,H,® and vanishes as the wall conductivity becomes 
infinite. One is therefore tempted to assume that H,’ is 
negligibly small compared to H,° in problems involving 
metal wedges. The 7 in the denominator of (48), how- 
ever, makes H,’ become arbitrarily large for small 
values of r, and the ratio of H,° to H,° on the wedge 
surface is given by 


Isle = WA, t (@ ) | VS (ar) | (49) 
= cot (¢1) | ——————- -- 
H,° (ar)Jt (ar) 


where b= (jwe/a’?) and Z,=ayd(1+7)/2, where 6 is the 
skin-depth. This ratio is small if 7/6 is large but, for 
finite values of 6, this ratio becomes infinite as r ap- 
proaches zero. 

This result suggests a modified surface impedance 
condition in which H,° is replaced by (H,°+H,°). The 
surface impedance condition then becomes 


Ee = Z,|H,° + (jwe/ar)dE,*/d¢|. 


(50) 


For points more than a few skin depths away from the 
tip of the wedge, (50) is just (46), the surface impedance 
condition used in all waveguide problems. As r ap- 
proaches zero, however, (50), which can be rewritten in 


the form, 
ra =a epvabn = Nahai 
Se iy 


UZ; we or (ok) 


(51) 


using (45), approaches the tip equation (37) provided 
that E,* and H,° both approach zero as r‘ where t+1 is 
greater than ty. This will always be the case if £,¢ and 
H,° satisfy the Meixner edge condition which places a 
lower limit on the exponent ft. 

This analysis shows that if the modified surface im- 
pedance condition is assumed to hold over the entire 
wedge face, fields which are in agreement with the 
analysis of Section II can be found. These fields will be 
identical with those derived from (44) and (47) for large 
values of 7/6 and the breakdown will occur when H,°, 
given by (48), becomes comparable in magnitude to H,° 
given by (45). As r/é approaches zero, moreover, the 
radial component of the magnitic field will approach 
zero as shown in Section IT. 
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IV. Frnpinc APPROXIMATE SOLUTIONS 


In Appendix II it is shown that, if H7.° is a given wave 
function which satisfies the Meixner edge condition at 
the tip of the wedge, then any function , which satis- 
fies the tip equation (37) will also satisfy the wave equa- 
tion for small values of r, and will give rise to fields which 
are in keeping with the “tip” analysis given in Section 
II, provided only that none of the resulting field com- 
ponents become independent of the angle ¢ in Fig. 1, as 
r approaches zero. This condition can usually be satisfied 
by inspection when looking for approximate solutions. 
Eq. (37), moreover, can be written in the form, 


OE, 
(1/6) Ha O78 == 0, (52) 


dg 


where b= (jwe/a”), H,°= —(j8/o?)0H.°/dr, and O(r*) is 
any function which approaches 0 as r* where x>¢éz. 
Away from the tip region the coupled field can be found 
by ordinary methods since its value on the faces of the 
wedge and on other boundaries is a known quantity re- 
lated to the tangential magnetic field of the perfectly 
conducting solution to the problem. For large values of 
r/6, therefore, EZ, is known and has, in the simplest case, 
the form, 


Ei, == Z.H,°/P(), (53) 


where P(¢) is a well behaved, odd function of the angle 
¢@ such that P(¢:) =1. If (53) is true, then a solution of 


OE, 7. r 
=== Pio), — Sate. 


2 54 
tera) bZ; Ge 


has the following properties: 


1) For small values of |7/b Z,| it satisfies (52). 

2) For large values of |r/b Z| it satisfies (53) and 
therefore approaches its correct value away from 
the tip region, 

3) For all values of r it satisfies the surface impedance 
condition on the faces of the wedge. 


Functions which satisfy (54) can be found quite easily; 
the general solution has the form, 


B= —exp| (7/82,) f P(6)d6| 


x fexw| 1702) f P(6)d0 | (r/6)H,%(r,6)db. (85) 


Using (55) as a guide, it is a simple matter to find an E£, 
which satisfies the tip equation for small values of 7/6, 
and which approaches in a continuous manner the 
“standard” solution given by (53) for large values of 
r/6. The condition that none of the field components be- 
come independent of ¢ as r approaches 0 can usually be 
satisfied by inspection. This technique, therefore, en- 
ables one, with a minimum amount of guessing, to find 
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a continuous function which satisfies the correct bound- 
ary conditions and the wave equation near the tip of the 
wedge, and which approaches the “standard” coupled 
mode solution away from the tip. The transition region 
can be estimated from (49) since it is determined by the 
distance from the tip of the wedge at which the standard 
surface impedance condition used in most waveguide 
problems breaks down. 

In the present example, however, E.* and H,° do not 
satisfy (53) and H,° has to be written in the form, 


H, = — (j8/2a) [J 1-1(ar) _ J i1(ar) | sin (td) 


= HA+ #3. (56) 
In (47), however, E.* has the form, 
Ey = EA + E2 (57) 
where 
Z,H, cos |\(é — 1 
cos [t= 7 sin am ee 
and 


de Z.H,® cos |(é + 1)¢} ; (50) 
cos [(¢ + 1)¢1] sin (t) 


both of which are of the form of (53). Both £.2 and H,# 
vanish instead of becoming infinite at the wedge tip and 
(59) can be assumed to be valid for all values are Eq. 
(58) represents the dominant fields for small values of 
r/5, and H,4 can be used to replace H,° in (53). A field 
E, can then be found as before, using (55) as a guide. 
This function, of course, approaches E.4 in (58) for 
large values of 7/6, but E£.¥ as given by (59) can be 
added to the solution for all values of r without affecting 
the behavior of the solution near the tip of the wedge 
since E.2 vanishes as r‘“+!. When this is done, the coupled 
axial electric field in the wedge waveguide is given, on 
the faces of the wedge, by the simple expression, 


_ = Ba/we)rIi (ar) |[(r/bZ.) + 1 cos (161) | 
a [(r/bZ.)? + 


(60) 


where b=(jwe/a?). For large values of |r/b Z| this is 
just the surface impedance condition relating E, to H,° 
on the wedge surface. For small values of |r/b Z;| + (60) 
holds for all values of ¢ simply by replacing ¢1 by ¢. 
When this is done it is a simple matter to show that 
H,?= —H,° and H,4°= —H,° as required by the analysis 
in Section II. 

Since the present theory assumes that (50) holds 
for all values of r, the total radial magnetic field 
H,=H,°+H, is proportional to E.’ in (60) on the faces 
of the wedge. This field differs from H,° for small values 
of r/6 and a plot of H, in a typical wedge waveguide is 
given in Fig. 3 for different values of 5/Xo, where 6 is the 
skin depth, o> the free-space wavelength, and D the 
diameter of the waveguide. 
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Fig. 3—The variation of the total radial magnetic field with distance 
from the tip of the wedge in a one-degree wedge waveguide oper- 
ating in its lowest mode. D is the diameter of the waveguide, Xo 
the free-space wavelength, and 6 the skin depth. In this case 
Xo/D =2.0. 


V. Oumic LOSSES 


When (19) to (22) are solved for LZ; and As, the elec- 
tric field components within the wedge are given, near 
the tip, by 


E, = — [78/0 cos (tr) |(7)* cos (#9), (61) 

E, = [t/o cos (tr) |(¥) 1 cos (18), (62) 
and 

E, = — [t/o cos (tr) |(¥) “1 sin (46), (63) 


when it is assumed that the axial magnetic field, outside 
of the wedge, has the form, 


H, = (r)‘ sin (1), (64) 


near the tip of the wedge. If | Z| is the rms value of the 
electric field in volts per meter, and if £ is the complex 
conjugate of E, the total power loss per unit length with- 
in a sector of the wedge bounded by a small radius ro, 
is given by 


r0 +o2 
W = i f {cE-E\rdrdé watts per meter. (65) 
0 —$2 
For small values of 70/6, this integrates to 
W = too|[2c cos? (tr) |-'70?! watts per meter. (66) 
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This is vanishingly small for small values of 79, demon- 
strating that the power dissipated in the tip region is 
small. As o becomes infinite, the power dissipated in the 
tip region approaches zero. The expression is valid for 
very small values of do, the total wedge angle, the limit- 
ing value of do being determined by the breakdown of 
(33). For vanishingly small values of ¢o, however, the 
effect of the wedge disappears for any finite value of o 
and the minimum value of ¢ approaches unity rather 
than $-. 

A more practical approach to the loss problem is to 
integrate the real part of the complex Poynting vector 
S3* over the faces of the wedge. In terms of rms field 
quantities, S,* is given by 


S,* = E.H, — E,H, watts per square meter. (67) 


If the value of E, is given by (60) (or, in general, if £, is 
derived by the method outlined in Section IV) the func- 
tion S,4* is integrable over the entire wedge face yielding 
a small flow of power into the tip region which is con- 
sistent with (66). 

When this method is used to calculate the attenua- 
tion constant of a wedge waveguide, the contribution 
from the region of the wedge surface which is less than 
one skin depth from the tip is insignificantly small. 
When the standard, unmodified method is used, how- 
ever, the contribution from this region dominates the 
contributions to the attenuation constant from all other 
regions of the waveguide surface. For an 18° wedge 
waveguide operating in its lowest mode at a frequency 
halfway between cutoff and the cutoff frequency of the 
next lowest mode, the contribution from this “tip re- 
gion” is equal to the contribution from the rest of the 
wedge surface. The total attenuation constant found 
by the unmodified method in this case is 58 per cent 
larger than that found by the method described in the 
present paper. For a typical $° wedge waveguide, more- 
over, the unmodified method yields a contribution from 
the tip region which is 50 times the contribution from 
the rest of the wedge surface. This yields an attenuation 
constant which is more than 30 times as large as that 
found by the method described in the present paper. 

Numerical values for the attenuation constants of 
wedge waveguides have been published elsewhere [11 ]. 
These are given as functions of wedge angle, conductiv- 
ity, and frequency over the usable range of such wave- 
guides. The attenuation constant varies slowly with the 
wedge angle and approaches a finite value as the wedge 
angle approaches zero. 


VI. CoNcLUSIONS 


The exact field behavior near the tip of a mathemat- 
ically sharp, imperfectly conducting wedge has been 
analyzed and it has been shown that the field compo- 
nents satisfy static boundary conditions in the region 
of the tip. It has also been shown that the only singu- 
larity which can occur in any component of the electric 
field at the tip of the wedge depends only on the dielec- 
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tric constant and the conductivity of the wedge. Simi- 
larly it has been shown that the only singularity which 
can occur in any magnetic field component depends 
only on the permeability of the wedge. This means that 
highly conducting wedges with a permeability equal to 
that of the surrounding medium cannot support a singu- 
larity in any of the magnetic field components as the 
perfectly conducting wedge appears to do. The mag- 
netic field components which are perpendicular to the 
axis of the wedge, however, do in many cases become 
very large near the tip of the wedge but, even if the 
wedge is perfectly sharp, these field components must 
reach a maximum value and then vanish at the tip of 
the wedge. The position of this maximum is established 
approximately by examining the point at which the 
coupled radial magnetic field, which occurs as a result 
of the finite conductivity, becomes comparable in mag- 
nitude to the radial magnetic field of the perfectly con- 
ducting solution. As the conductivity increases, the 
curve of H, vs r approaches the curve of H,° vs r, where 
H,° is the radial magnetic field near a perfectly con- 
ducting wedge. Even though H,° becomes infinite at 
the tip of the wedge, however, H, reaches a maximum 
and decreases to zero at the tip for all finite values of 
wedge conductivity. This is very similar to the way in 
which a finite Fourier series approaches a discontinuous 
function as the number of terms taken becomes infinite. 

It has also been shown that the surface impedance 
condition holds to within a few skin depths of the tip of 
a metal wedge and that, as long as the tangential mag- 
netic field is not assumed to be that of the perfectly 
conducting problem, this condition yields results which 
are in agreement with the exact analysis based on the 
power series approach, when the condition is assumed 
to hold over the entire wedge face. Since the axial cur- 
rents induced in the wedge do not become infinite but 
rather vanish at the tip, even when the wedge is per- 
fectly sharp, any errors introduced by applying the sur- 
face impedance condition to the entire wedge face will 
be small. The fact that “real” wedges, moreover, are not 
perfectly sharp does not invalidate their representation 
by a perfectly sharp mathematical model since the 
“difference” region does not carry large currents. 

In diffraction problems it makes very little difference 
whether the secondary fields are caused by “Huygen 
sources” near the tip of the wedge, or whether they are 
caused by conduction currents actually flowing on the 
wedge. In calculating ohmic losses, however, this dif- 
ference is extremely important and must be taken into 
account in such calculations as those involved in deter- 
mining the attenuation constant of wedge waveguides. 

The present investigation is not a mathematically 
rigorous solution to any particular wedge problem, and 
further refinements would be needed if it were necessary 
to determine the fields in the tip region to a very high 
degree of accuracy. The ideas developed should be 
looked upon as a second approximation to the problem 
of boundary conditions on an imperfectly conducting 
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wedge, the standard surface impedance condition being 
the first approximation. This approximation does, how- 
ever, embody some very important features of wedge 
behavior and gives results for ohmic losses which agree 
reasonably well with those found in practice. 

The radial electric field E,, on the surface of the 
wedge, can be made proportional to the axial magnetic 
field H, for all values of ry without contradicting the 
Meixner edge condition. This, and conditions on other 
boundaries, can usually be satisfied by the introduction 
of additional coupled modes which satisfy known bound- 
ary conditions of either the Neumann or the Dirichlet 
type, and which are vanishingly small in the tip region. 
The problem of finding such solutions is often very dif- 
ficult but once the radial magnetic field and the axial 
electric field are modified as outlined in Section IV, the 
boundary conditions are admissible in the sense that 
the resulting fields will satisfy the edge condition. In 
loss calculations, moreover, the normal component of 
the Poynting vector is needed only on the faces of the 
wedge, and the solution developed in Section IV is all 
that is needed. 


APPENDIX | 
The Surface Impedance Condition on the Face of a Wedge 


Using Green’s theorem [10], the axial electric field 
E,(r’, ¢’) anywhere within the metal wedge shown in 
Fig. 4 can be expressed in terms of the normal deriva- 


Fig. 4—The coordinate system used to establish the 
surface impedance condition. 


tive of this field on S; and in terms of the field ape ue 
derivatives on S, and S;. If the function G(r, ¢, 1’, ¢’) 
satisfies 


WG + (a)°G = dr — 1')5(b — $') (68) 


where 6 is the Dirac delta function and @ is defined in 
Section II following (4), then E.(r', ¢’) can be written 
in the form 


dG 


a dE.(r, 6) 
[ {Ba Coe es. G 
«! SetSo+Ss on 


On 


E.(r’, ¢’) \ dS. (69) 
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Eq. (69) can be further simplified by putting 
G(r, ¢, 7’, $’) = 7/4[Ho®(aRi) + Ho® (@R2) | (70) 


where 2 is the distance between (r, ¢) and (7’, ¢’) and 
R» is the distance between (7, ¢) and the image of 
(r’, 6’) in the plane S; as shown in Fig. 4. H)®(@R) isa 
Hankel function s, of the second kind. In this case 
dG/dn=0 on S; and, by symmetry for fields which are 
even function in @ in Fig. 2, 0E./0n=0 on S». Eq. (69) 
then becomes 


E.(r’, ¢’) = — G/4) | {Ho (@Rid) 


S1 


OE, 


+ Hy) (aRe)} asi 


On, 


+ Ho (&Rs)}dS2. (71) 


Since (@) has a negative imaginary part, the integration 
on S3 can be neglected, provided that S; is more than a 
few skin depths away from (r’, ¢’). 

Finally, letting y’ approach zero in Fig. 4, Ri ap- 
proaches R, and (71) becomes 


OE, 
dx 
on 


BAP) = — (4/2) [ " Ho®(a| «| ) 


+ (5/2) Es (@R) ae, (72) 


So Ne 
If the constants of the wedge material are given by 
= Mo, 
and 
é = €) — jo/w, 


then, using (3), it is a simple matter to show that the 
continuity of H, across the face of the wedge requires 
that, when ¢=4q1 Fig. 1, 


OF, ie" ie (€o/ua) (1/r)dE./d¢ ; 


= (73) 
on — (j/opm) (1 + jweo/c) 
Substituting (73) into (72) yields 
a PU Lieu, — Gee/o)(1/r)dE./09} 
BP) = (= 5/2) f_ ee 
-Ay(a| ac | \dx 
Ae) 
+ (j/2) E,— Hy) (aR) dSo. (74) 
S, One 


For very good conductors the second term of (74) and 
the second term within the first integral of (74) can be 
neglected for all values of 7’. 
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APPENDIX II 
THE Tip EQUATION 
Theorem: If H, is a given function of r and @ which 


1) satisfies the two-dimensional Helmholtz equation, 

2) satisfies the Meixner edge condition, and 

3) approaches zero as r’ where t<ty, the lowest 
eigenvalue of a magnetic type solution [see (26) 
and (27) |, 


then (37) implies (38) and any E, satisfying (37) also 

satisfies the Helmholtz wave equation as r approaches 

zero, provided that none of the field components be- 

come independent of the angle ¢ as r approaches zero. 
Eq. (37) can be written in the form, 


OE, B OH 
= r 


Od we or 


“+ O(r*), (75) 


as r approaches 0, where O(r*) is any function which be- 
haves as r? for small values of 7, and x >ty. Differentiat- 
ing (75) with respect to rv and (4) with respect to ¢ yields 


0H. — 4B, 0 OH, ile Raab 
cee =| (- \+ Te ] + O(r=+) 
0d a? Lor or r od? 


= j6rH. + O(r), 


(76) 


if H, satisfies (5), the Helmholtz equation. If, moreover, 
H, satisfies the Meixner edge condition, then rH, ap- 
proaches zero faster than r* and therefore the deriva- 
tive of H, with respect to ¢ behaves as r*—!. If Hz does 
not become independent of ¢ as ry approaches zero, more- 
over, then H, also behaves as r*~1, which is (38). 
Differentiating (75) with respect to @ yields 


PE, 6 PH, 
= Ti 
O62 we O0r 


Or). (77) 


Eq. (4), moreover, implies that as r approaches 0, 


abigie OH, — ; : OF, bas 
— 78/a?r) en = (juwe/a Nee + O(r7-}), (78) 
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since H, must approach 0 faster than 77. Multiplying 
(78) by 7, differentiating with respect to 7, and substi- 
tuting into (77), yields 
OE, 0 ( JE: 
— r 
or 


(79) 


r + O(r*). 
Od? or 


If E, satisfies (75) and does not become independent of 
¢ as ry approaches 0, then EZ, must approach 0 as r* if H, 
approaches 0 as 7‘ where t+1>¢q—1. This means that 
(ar)?E. can be added to (79) without changing its be- 
havior for small values of 7 and, therefore, 

OE, ) 


Ore 
SEG (- ) + (ar)?E, = 0 
or 


(80) 
Od” or 


is satisfied by FE, to within a relative error of order 
(Pai, 
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On the Theory of the Ferrite Resonance Isolator* 
E. SCHLOMANN}+ 


Summary—The attenuation constants for both directions of 
propagation in a rectangular waveguide loaded with a small slab of 
ferrite are calculated by means of perturbation theory. The maxi- 
mum attainable ratio of reverse to forward attenuation is found to be 
inversely proportional to the square of the bandwidth, with a con- 
stant of proportionality that is dependent on the shape of the ferrite 
slab and the proximity of cutoff. The figure of merit is largest for the 
case of a thin ferrite slab magnetized perpendicular to the plane of 
the slab. It is shown that a significant increase in the figure of merit 
can be obtained by proper use of the anisotropy of grain-oriented 
materials or single crystals. 


I. INTRODUCTION 


isolators will be considered. It has been known for 

some time that the ratio of reverse to forward at- 
tenuation cannot exceed a certain optimum value deter- 
mined by the line width of the ferromagnetic resonance." 
The bandwidth of resonance isolators has apparently 
not been considered in any detail up to now. It will be 
shown that the bandwidth (defined as the frequency 
range over which the reverse to forward ratio has at 
least half of its maximum possible value) is proportional 
to the width of the resonance, with a constant of propor- 
tionality that is a rather sensitive function of the shape 
of the ferrite slab, its magnetization, the frequency, and 
the cutoff frequency of the waveguide. Under most con- 
ditions, the bandwidth is appreciably smaller than the 
width of the resonance line. It is shown, however, that 
this situation can be reversed by proper use of magneto- 
crystalline anisotropy. A device using this effect would 
require a properly oriented single crystal or grain- 
oriented polycrystalline material. 

We shall consider only the case in which a rectangular 
waveguide is used. It will be assumed that the cross sec- 
tion of the ferrite slab is very small compared with the 
cross section of the waveguide, so that a perturbation 
approach can be used. For simplicity, it is assumed that 
the unperturbed wave is a TEio mode. It will also be as- 
sumed that the ferrite slab or rod has an ellipsoidal cross 
section. In practice, this configuration is realized by 
means of circular rods or, approximately, by means of 
thin slabs of rectangular cross section. 

The performance of resonance isolators that use a 
thin slab of ferrite magnetized in the plane of the slab 
and perpendicular to the waveguide axis will be investi- 
gated in Section II. The geometry of this case is shown 


Ne this paper the inherent limitations of resonance 


* Manuscript received by the PGMTT, August 2, 1959; revised 
manuscript received, November 10, 1959. 
+ Research Div., Raytheon Co., Waltham, Mass. 


1 B, Lax, “Frequency and loss characteristics of microwave ferrite 
devices,” Proc. IRE vol. 44, pp. 1368-1386; October, 1956. 


in Fig. 1(a). In Section III, the results will be general- 
ized to include the case in which the ferrite slab has an 
elliptical but otherwise arbitrary cross section, in par- 
ticular the geometry of Fig. 1(b). The generalization to 
the case in which a grain-oriented material or a single 
crystal is used is also given in this section. In Section IV, 
various assumptions made in the development of the 
theory will be critically evaluated. 


(a) 


(b) 


Fig. 1—(a) Ferrite resonance isolator using a thin ferrite slab mag- 
netized in the plane of the slab. (b) Ferrite resonance isolator us- 
ing a thin ferrite slab magnetized perpendicular to the plane of 
the slab. The perturbation theory (1) neglects the variation of 
the microwave field over the ferrite region, and is valid only if 
the width of the slab is sufficiently small. 


IJ. THEORY 


Consider the geometry described in Fig. 1(a). If the 
cross section of the ferrite slab is much smaller than the 
cross section of the waveguide, the propagation constant 
I’ in the presence of the ferrite slab can be calculated by 
perturbation theory, with the result? 


=> 
D4 ot ~ jl corsh. (1) 


Here T is the propagation constant of the empty wave- 
guide, which is assumed to be lossless (7.e., Io =7Bo, 
where Bo is real). Yert is the effective susceptibility, and 
> 


h the RF magnetic field at the site of the ferrite slab. 
The asterisk denotes the complex conjugate. For a thin 
slab in the geometry of Fig. 1(a), the effective susceptibil- 
ity calculated using a Landau-Lifshitz damping term is 


as M 
Xe = Ca AH + Se) — 0 + YH + InM)o 
ie + 2)H + jr\w JY ) (2) 
as (y? + d2)(H + 44M) + pro 


where the y-direction is the direction of propagation 
[see Fig. 1(a)], y is the gyromagnetic ratio and eS 
phenomenological loss parameter which is related to the 
line width AH =2dw0/(y?+)2). A derivation of (2) is 
given in Appendix I. The validity of the phenomenologi- 
cal description of losses will be discussed in Section IV. 
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For a TE1 mode, the magnetic field is of the form 


Oe 
a (/ (=) — isin ¢de??!, 
We 


cos pe7??, 


(3) 


where w, is the cutoff frequency, ¢ is determined by the 
position of the slab in the waveguide, and ¢=0 and 
@=7m correspond to the waveguide walls. In (3) the 
choice of signs is appropriate for a wave propagating in 
the + y-direction, if we let ¢=0 characterize the left- 
hand wall. In order to describe a wave propagating in 
the —y-direction, the sign of the square root has to be 
reversed. It should be noticed that in the geometry 
shown and for propagation in the + y-direction, the 
sense of rotation of the transverse magnetic field forms 
a right-handed screw with the direction of the field. 
Thus, the +y-direction is the reverse direction of the 
isolator. 

From (1), (2), and (3) one obtains the complex propa- 
gation constant of the ferrite loaded waveguide. The 
real part of I’ is the attenuation constant a. Since the 
empty waveguide was assumed lossless, one finds after 
trivial calculations for the reverse direction 


hy = 


Qreverse 


M 
[2 + 2) A(H + 4M) — w?]? + [2\( + 29M) 0]? 


for txou to'l[(2) - 1]sints 


+ [(y? + A2)(H + 41M)? + w?| cos? 


+ 4y(H + 27M) / (=) — 1sin¢cos a . (4) 


The expression inside the braces can be written as 
p sin’? ¢ + qcos?¢ + 2r sing cos¢ 
= 2l( + 9) — (b — g) cos 2g + 2rsin 26] (5) 


where the explicit expressions for p, g, and r are obvious 
from a comparison with (4). Thus, the condition for 
maximum (or minimum) reverse attenuation is 


— 2r 


~m 


tan 261 = (6) 
Lae 

Similarly, the condition for minimum (or maximum) 

forward attenuation is 


2r 
tan 2d. = (7) 
1 ae 

Fig. 2 demonstrates the relationship between the two 
positions ¢; and @¢». It is assumed in this figure that 
q>p. Under these conditions ¢1<¢»2. It may be seen 
from Fig. 2°that the position of the ferrite slab, which 
maximizes the reverse attenuation, coincides with the 
position, which minimizes the forward attenuation, only 
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Fig. 2—Graphical determination of the positions of the ferrite slab 
which maximize the reverse attenuation (¢:), minimize the for- 
ward attenuation (¢2), or maximize the reverse to forward ratio 
(¢0). The full line represents tan 2¢. 


if p=q. Then ¢1=¢2=77/4; 12.e., the distance between 
ferrite slab and waveguide wall is one quarter of the 
width of the waveguide. In general, ¢; and $2 differ from 
a/4 in opposite directions by equal amounts. 

Similar results have been obtained by Suhl and Walk- 
er,” who have pointed out that the difference between 
the energy stored at ¢ in the left-handed wave and in 
the right-handed wave is proportional to sin 2¢. The dif- 
ference is largest at 6=7/4 and ¢=37/4, so that large 
nonreciprocal effects may be expected when the ferrite 
slab is placed in one of these regions. 

The ratio of the two attenuation constants is 


Qreverse 


R(d, w) = 


Q forward 


7 (p + q) — (b — g) cos 2¢ + 2rsin 24 (3) 
(p + q) — (p — q) cos 26 — 2r sin 26 


It can be shown that R assumes a maximum with re- 
spect to ¢ at @o where 


em! 

cos 2¢)9 = ———_ » 
PG 

. 2/ pq 

sin 2¢9 = ——— - 9 
0 nae (9) 


2 H. Suhl and L. R. Walker, “Topics in guided wave propagation 
through gyromagnetic media,” Bell Sys. Tech. J., vol. 33, pp. 939- 
986; July, 1954. See p. 954. ; 
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The maximum R(w) is thus 
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Revaxl@) = pare zt 


Viv? + 2) A? + w?][(y? + 0°) + 4M)? + «| + 2y(H + 2eM)o 


Veg—7r VU? +)H? + wo] [(7? +2) (A + 4n M2 + w?] — 2 4 eM) 


Differentiating with respect to w, one finds that the 
maximum with respect to w occurs at w=wo, where 

wo? = (y2 + 2) H(A + 44M). (11) 

It can be shown from (7) and (9) that at resonance, dp is 

very close to ¢o, the difference being of second order in 

d/y. Fig. 2 illustrates a typical case, where the graphical 

- determination of the various angles for which the two 

attenuation constants and their ratio are stationary 

with respect to ¢. 
The maximum reverse to forward ratio is, from (10) 


and (11), 


Sas eee 
Og os te 


Rinax(w0) — (1 2) 


In many cases \ is much smaller than y. Under these 
conditions, the exac tformula (12) can be replaced by the 
first terms of a power series expansion in (A/¥)? 


ay 1 
Rmax(w) = 5 +2-——+4.--- 


(13) 


Consider the frequency dependence of the reverse to 
forward ratio in the vicinity of the resonance frequency. 
Assume that the position of the ferrite slab has been 
chosen in such a way that the maximum R is achieved. 
From (8) it is possible to obtain, after trivial calcula- 
tions (described in Appendix I), 


Wea (w 0) 


2(w — wo)]? 
Tk areca 


Here Rmax(@o) is as given in (12). In the denominator, 
higher powers of w—w are neglected. According to (14), 
B is the range of frequencies over which R(¢o, w) has at 
least half its maximum value. It will henceforth be 
called the bandwidth of the isolator. As shown in Ap- 
pendix II, B to first order in d/7 is given by 


r 2 
0) 
yA 


R(¢o, w) = (14) 


(15) 


where a is the ratio of the transverse to the longitudinal 
component of the magnetic field at the resonance fre- 
» quency (more precisely, the ratio of the transverse field 


(10) 


at the center to the longitudinal field at the waveguide 
wall). 


A comparison of (13) and (15) shows that a large re- 
verse to forward ratio can usually be obtained only at a 
sacrifice of bandwidth, and vice versa. Therefore, it is 
reasonable to take this fact into account in the definition 
of the figure of merit of the isolator. In the existing liter- 
ature, the reverse to forward ratio itself has sometimes 
been called the figure of merit. This is a reasonable 
choice only if the bandwidth of the device is immaterial. 
We shall adopt a different convention and define the 


figure of merit as 
B 2 
FP = IN (=) . 
wo 


A comparison of (13), (15), and (17) shows that with 
this definition, the figure of merit is approximately inde- 
pendent of the loss parameter X. If higher powers of 
d\/y are neglected, one obtains 


(16) 


(17) 


8 


pe ! +(142 
OP? Dar 


Fite 


27M uy 


von(3) 


Since all terms in the denominator of (18) are positive, 
the larger a and w are, and the smaller M is, the greater 
the figure of merit becomes. If 2 M<w/vy, the last term 
in the denominator is only a small correction. As a par- 
ticular example, consider the case where the frequency 
is 2800 mc and 27M is 1000 gauss. For practical pur- 
poses, a? cannot be made larger than 3. For this particu- 
lar value, the frequency equals twice the cutoff frequen- 
cy for TE1o modes and is thus equal to the cutoff fre- 
quency for TE2) modes. The figure of merit for a@=3 
and for the given values of magnetization and frequency 
is approximately 3.5. 


II]. GENERALIZATIONS 


The theory presented in the previous section can 
easily be generalized in such a way that it will apply to 
situations in which the ferrite slab has an elliptical but 
otherwise arbitrary cross section and the dec field is ap- 
plied along an axis of the ellipse. In the latter situation, 
the transverse demagnetizing field is 4a MN rather than 
4M as previously. Here N is the transverse demagnet- 
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izing factor.* Similarly, H must now be interpreted as 
the internal or “demagnetized” field 

H = Happ — 44M Nz. (19) 
Here N, is the longitudinal demagnetizing factor. All 
significant results derived previously can be taken over 
immediately if 47M is replaced by 41 MN. There are 
minor exceptions to this rule, namely, the factors M that 
occur (2), (4), (30), and (31).4 It is easily seen, however, 
that these factors cancel out in all the significant results, 
such as the positions for minimum or maximum atten- 
uations, maximum reverse to forward ratio, bandwidth, 
and figure of merit. In particular, one obtains for the 
figure of merit 


fad 


8 


ies 


20) 
peer ee: (1+) 
a? Ber ae 


27M N 


a) 


Thus, for given a, M, and w, the best figure of merit is 
obtained when NV is very small. This can be realized in 
the situation described in Fig. 1(b), in which a thin 
slab is placed on the bottom of the waveguide and mag- 
netized in a direction which is perpendicular to the plane 
of the slab. Under these conditions, the figure of merit for 
a? =3 is approximately 5.75; 2.e., 65 per cent larger than 
the figure of merit calculated previously for the geom- 
etry of Fig. 1(a). 

M. T. Weiss> has reported measurements of the per- 
formance characteristics of resonance isolators using 
rectangular waveguides and ferrite configurations which 
are similar to those of Fig. 1. For the configuration of 
Fig. 1(b) (“H-plane isolator”), he obtained the following 
results: Rmax=75, B/wo=0.16. The figure of merit as ex- 
perimentally determined is thus, according to (17), 
Fuxp 2. The theoretical formula (20), on the other 
hand, leads to Finer ~ 3.2. In this calculation we have 
used a transverse demagnetizing factor appropriate for 
a rod of ellipsoidal cross section with an axial ratio 
equal to that of the rectangular slab used in the device. 
The parameter a of (20) was deduced from the width 
of the waveguide (0.9 inch) with the help of (16). Weiss 
has also reported measurements on “E-plane isolators” 
using configurations similar to Fig. 1(a). In these cases, 
however, a dielectric slab with a high dielectric con- 
stant was placed adjacent to the ferrite slab. The figures 
of merit as deduced from his data for two such configu- 
rations are 0.9 and 0.5, respectively. The theoretical 
formula (20), on the other hand, predicts figures of merit 


_ , °In the present notation, the sum of the three principal demagnet- 
izing factors equals unity, 

_‘ The notation in the present paper is such that M has the factor 
a in all those cases in which it should be changed to MN. It does not 
have this factor in all other cases. 

5 M. T. Weiss, “Improved rectangular waveguide resonance iso- 
lators,” IRE Trans. on MICROWAVE THEORY AND TECHNIQUES, vol. 
MTT-4, pp. 240-243; October, 1956. 
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of approximately 2.7 and 2.2 in the two cases. It should 
be remembered, however, that this formula does not 
take into account the effect of the dielectric slab. For 
this reason, the lack of agreement between theory and 
experiment in the E-plane geometry is not too serious. tt 
thus appears that (20) is at least qualitatively appli- 
cable for typical device configurations even though it 
was derived on the basis of perturbation theory. 

In the H-plane geometry of Fig. 1(b), the free pre- 
cession of the magnetization vector follows a circular 
cone. In the E-plane geometry of Fig. 1(a), however, the 
circle is distorted by the transverse demagnetizing field 
into an ellipse which has its major axis lying in the plane 
of the slab; 7z.e., in the direction of propagation. Since 
the figure of merit is larger in the H-plane geometry 
than in the Z-plane geometry, one may surmise that a 
further increase in the figure of merit can be obtained 
by forcing the free precession to follow an ellipsoidal 
cone with the major axis of the ellipse oriented so that 
it is perpendicular to the direction of propagation. The 
calculation presented below shows that this is the case. 
The ferrite slab must consist of a single crystal or of 
grain-oriented polycrystalline material. In the presence 
of crystalline anisotropy, the precessing magnetization 
generally follows an ellipsoidal cone, unless the de field 
is applied along an axis of high symmetry (like the [100] 
or [111] axes of cubic crystals). The orientation of the 
single crystal obviously has to be such that through 
anisotropy forces the magnetization vector is repelled 
more strongly from the y-direction than from the x- 
direction. If the material has hexagonal crystal struc- 
ture, the desired effect can be obtained if the first-order 
anisotropy constant is negative (i.e., if the plane per- 
pendicular to the hexagonal axis is energetically pre- 
ferred over the axis). In this case, the orientation should 
be such that the hexagonal axis coincides with the 
waveguide axis (y-direction). The desired effect can also 
be obtained with cubic materials. In this case, the orien- 
tation should be such that the field direction (s-direc- 
tion) coincides with a [110] direction. If the first-order 
cubic anisotropy constant is positive, a [100] direction 
should be aligned with the waveguide axis; if it is nega- 
tive, a [110] direction should be aligned with this axis. 

We shall consider in detail only the case of a hexag- 
onal material with a preferential plane. The generaliza- 
tion to the cubic case is, however, very straightforward. 
In the hexagonal case, the anisotropy repels the magnet- 
ization only from the y-direction and has no effect in 
the x-direction. The additional energy (per unit volume) 
in this case is 


M 


Fats = — dH, : 
pee 


(21) 


where Ha =2| Kyl /M is the anisotropy field and a, the 
directional cosine of the magnetization with the y-direc- 
tion. This energy has to be added to the energy given in 
(30). It is obvious that the energy appropriate for a 
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situation in which the ferrite slab has a transverse de- 
magnetizing factor NV and the anisotropy is of the form 
described above, is of essentially the same form as that 
given in (30). It can be formally obtained from (30) if 
H is replaced by H+H, and 417M is replaced by 
47 MN—H,. Thus, all the significant results obtained 
previously can be generalized by applylng the same rule. 
In particular, the figure of merit now becomes 
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susceptibility for circular polarization is essentially 
given by’ 
y¥M 


wo — © + iW — W) 


X+(w) = (23) 
Here W, and W, are functions of frequency and mag- 
netic field which are discussed in an earlier paper.® It 
can be shown that W, and W, are non-negative, that 


F= 


H, = 4rMN (22) 


4/ (ie — 4nMN)? 4 (2 = 
ry 


A comparison of (20) and (22) shows immediately that 
a significant increase in the figure of merit can be ob- 
tained if (H,—42MN) is much larger than 2w./y. The 
ultimate figure of merit according to (22) is 


Bae =" 162* 


il 1 1 
ee) 
a 2a a? 


W, is nonzero only for w>0 (positive sense of circular 
polarization), and that W, is nonzero only for w<0 
(negative sense of circular polarization). For the par- 
ticular mechanism investigated in the earlier paper,® it 
can also be shown that W,(w) is approximately equal to 
W ,.(—w). The circular susceptibility for the negative 
sense of polarization is obtained from (23) by inverting 
the sign of w and taking the complex conjugate. 

On the other hand, the circular susceptibility as cal- 
culated from the phenomenological equations is 


Mouseior a=, f..,=144: 2.e., a factor of 25 better 
than the previous optimum value. In practice, it will be 
very difficult to obtain this ultimate figure of merit be- 
cause the internal magnetic field necessary to produce 
resonance decreases to zero as the optimum condition 


is approached. Thus it is eventually not strong enough We amet u 
to magnetize the material. A numerical example that M v 
can probably be realized is the following: 47M = 2000 X+(w) = sae ; (24) 
gauss, V=1/20, H.=2000 oersteds, f= 2800 mc, a’=3. i 5. Gare H—w+ jo as 
eae aES of v7 


The internal magnetic field at resonance is 330 oersteds, 
and the figure of merit is 17. If H.=3000 oersteds and 
everything else is unchanged, the internal field at res- 
onance is 210 oersteds, and the figure of merit is 27.5. 


A comparison of (23) and (24) shows immediately that 
the two results are nearly equivalent if \/y<1 and if 
we allow \ to be dependent on frequency and magnetic 
field. In this sense, the phenomenological description 
used in this paper is justified. 

It is interesting to compare the bandwidth of the iso- 
lator (as defined in Section II) with the width of the fer- 
romagnetic resonance (i.e., the frequency range over 
which the reverse attenuation has at least half of its 
maximum value). The width of the resonance can easily 
be obtained from (4). The numerator of the right-hand 
side of this equation is relatively insensitive to small 
changes in frequency around the resonance frequency. 
The denominator, however, is very sensitive. One finds 
that to first order in \/y, the half width of the resonance 
for the geometry of Fig. 1(a) is 


IV. DiscussION 


The theory presented in the preceding sections makes 
extensive use of a phenomenological description of 
damping forces. This phenomenological approach can- 
not be justified on a rigorous basis. It can be shown, 
however, that a microscopic theory of some of the im- 
portant loss mechanisms leads to essentially equivalent 
results. A slight generalization is necessary: the loss 
parameter ) is, in general, a function of frequency and 
internal magnetic field. 

For a discussion of the resonance isolator, it is impor- 
tant to consider the absorption of radiation which has 
the negative sense of circular polarization. This absorp- 
tion, although small, limits the reverse to forward ratio 
of a resonance isolator. In a previous publication,® the 
present author has developed a theory of line broaden- 
ing in polycrystalline ferrites, and has briefly discussed 
the absorption of radiation with the negative sense of 
circular polarization. According to this theory, the 


AON Hae ee) 4/(=)+ (24M)2. (25) 
V 


An expression appropriate for other geometries is ob- 
tained by replacing M by MN. It should be remem- 


7 Tbid., (42) and (43). The equation given in the present paper is 
simplified by the assumption of vanishing “intrinsic” loss and neglect 
of the shift of the resonance frequency. 


6 E, Schlémann, “Spin-wave analysis of ferromagnetic resonance 
‘in polycrystalline ferrites,” J. Phys. Chem. Solids, vol. 6, no 213, pp. 
242-256; 1958. : 
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bered, however, that the phenomenological constant 
is also dependent on the demagnetizing factor. The rea- 
son for this is as follows: \ depends primarily on the fre- 
quency and the internal (demagnetized) magnetic field. 
A change in the demagnetizing factor at fixed frequency 
produces a change in the internal field at resonance. In 
this way, \ is implicitly dependent on N. The theory de- 
scribed in the earlier work® predicts that \ should be 
largest for the geometry of Fig. 1(a), smallest for the 
geometry of Fig. 1(b). A comparison of (25) with (15) 
shows that for nonoriented polycrystalline material, the 
bandwidth is at least a factor »/2 smaller than the 
width of the resonance. 

Consider finally the half width of the resonance de- 
termined by varying the magnetic field at constant fre- 
quency. From (4) one finds for the geometry of Fig. 1(a) 
to first order in \/¥y 

Aw 9 
IN i= pee (26) 
7? 
The same expression is valid for an arbitrary demagnet- 
izing factor. It is thus also valid for the geometry of 
Fig. 1(b). Eq. (26) shows that the phenomenological 
parameter \ appropriate for a given geometry can be 
obtained experimentally by observing the line width 
AH. The maximum reverse to forward ratio is there- 
fore, from (13) and (26), approximately . 


Wo 2 
Rises = 16( ) 4 
vyAH 


Here AH should be measured at the same frequency and 
with the same geometry that is actually used in the iso- 
lator. 

The most significant results of the present investiga- 
tion are the observation that the bandwidth is usually 
appreciably smaller than the width of the resonance 
line, and the prediction that the figure of merit can be 
appreciably increased by proper use of grain-oriented 
materials. Since these results are not at all obvious, it is 
worthwhile to try to understand in a simple way the 
reasons for this behavior. 

In this connection, it is important to realize that the 
forward attenuation plays a decisive part in determin- 
ing the reverse to forward ratio. It is easily seen that at 
resonance the condition for minimum forward attenua- 
tion (7) coincides to first order in \/y with the condi- 
tion for maximum reverse to forward ratio (9). It is very 
possible, therefore, that the bandwidth of the isolator is 
not the same as the width of the resonance. The phe- 
nomenon which primarily determines the bandwidth is 
the frequency dependence of the ratio of the transverse 
to the longitudinal components of the magnetic field, 
because this effect gives rise to a rather strong frequen- 
cy dependence of the forward attenuation. For this rea- 
son the bandwidth is dependent, among other things, on 
the ratio of the resonance frequency and the cutoff fre- 
quency, and vanishes as this ratio approaches unity. 


(27) 
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To obtain a better intuitive understanding of the sit- 
uation, it is advantageous to consider the frequency de- 
pendence of ¢o, 7.e., the position of the ferrite slab that 
results in a maximum reverse to forward ratio. For the 
geometry of Fig. 1(a), one finds from (9) and the re- 
marks at the beginning of Appendix II that ¢o is deter- 
mined by 


24 2)\(H + 44M)? — w? 
tan? do = ae oi i & re - (28) 


lot +9 —o')[(=)=4] 


By straightforward differentiation, one obtains the 
fractional change of tan ¢o, divided by the fractional 
change of the frequency taken at resonance. 


Wo d tan do 
tango dw Dats 
27M 
= foes (29) 


V/ Ont + 


This equation can again be generalized to the case of a 
ferrite slab with an arbitrary transverse demagnetizing 
factor N and an anisotropy field H, by replacing 47 
by 41 MN—H,. Eq. (29) shows that the frequency de- 
pendence of @o is weakest for large a and small N. By 
proper use of grain-oriented materials, the sign of the last 
term of (29) can effectively be reversed. In the limit as 
H.>2w)/y this term approaches —1. It is thus seen 
that the frequency dependence of ¢o can be significantly 
reduced by the use of grain-oriented materials. It is 
easy to believe, therefore, that the figure of merit of the 
isolator should be improved in a similar way. 


APPENDIX [| 
EFFECTIVE SUSCEPTIBILITY OF A THIN SLAB 


The equation of motion can be derived conveniently 
from the energy (per unit volume) necessary to pull the 
magnetization vector out of the z-direction into a direc- 
tion characterized by the two directional cosines, a, 
and a,. This energy is for a thin slab in the geometry of 
Fig. 1(a) and for az, ay<1. 


M 
E= i (H + 4rM)az” + Ha,?} — M(azhz + ayhy). (30) 
The equations of motion are now 
OE OE 
Ma, = = 
Ody Oax 
i OE < dE 
dy = y— — A— 
. Oz Oa, (31) 


If the driving field has a periodic time dependence 
(~e?*), one obtains from (30) and (31) 


[jw NUH 4M) los + yHay = yhy + rhe 


y(H + 4rM)az — [jw + AHay = yh2— by. (32) 
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By solving (32) for a, and ay,, it is easy to obtain the ef- 
fective susceptibillty given in (2). The same result can 
also be derived by converting the “true” susceptibility 
<— 


x (as calculated using a Landau-Lifshitz damping 
term) to the effective susceptibility by using the formula 


=. ese es 
Xere = (1 + 4rxNV)"x. (33) 


APPENDIX II 


ISOLATOR BANDWIDTH 


In evaluating the bandwidth, it is convenient to use 
the left-hand side of (5), thus expressing R in terms of 
cos ¢ and sin ¢ rather than cos 2¢ and sin 2¢. Since (9) is 
equivalent to 


p q 
go = / go = — (34) 
cos go ratte 0 les 
one obtains from (5) and (8) 
Ce ese (35) 
@ = 
yy D(w) 


where 


N(w) = [(y? + 2) H? + o*) [7 + °)(H + 4M)? + a0 
esis 
+ [2 + 2)? + oo? [(7? + 2)(A + 44M)? + | 
Ces 
+ 4y(H + 27M)w 
: 1G +2) A? + e?|[(? + )(A + 4M)? +0007] 


aaa 


(36) 


(4H + 120M)a? + (3H + 107M) + 
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and D(w) is obtained from N(w) by reversing the sign 
of y. 

Now let w=w )+é6w. Neglecting higher powers of dw, 
one finds 


wd (dw)? 
— oi 
ee reo 


is the ratio of the amplitudes of the transverse and longi- 
tudinal components of the magnetic field. Expanding 
N(w) in powers of 6w, one obtains 


N(w) = No + Nidw + N2(6w)? + --- (38) 
where 
: . Y 
No = 8(y7 + d?) (H+ 24M )?a97a (: + ==) 
Mi = 8(y?+ d2)(A + 27M)*w0(2a? + 1) 
Uf 
iol {ai eee 
( y Vila 3) 
No = 4(y? + ?)(A + 27M) 
. {cau + 127M)a? + (3H + 107M) 
pee a 20° +1 -—.)h (39) 
N/V anc xa | = a2 /S - 


From (35), (38), and (39) the reverse to forward ratio is 


1 + ay0w + ay(dw)? 
a: 2 40 
R(¢0, ) Rimax (wo) 1 ae Bi8co A Ba(5e)? ( ) 


where 


i Geely 


1 
(H + 27M) (20 eet -) (41) 


0. = 


Y 
2(7 + 2nM)w0’a° (1 +5) 
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and 2 is obtained from a by reversing the sign of ¥. lt 
is obvious from (41) that 62 is much larger than a: for 
/y<1. For this reason an expansion of R in powers of 
dw converges very slowly, but an expansion of 1/R in 
powers of 6w should converge rapidly. If higher powers 
of 6 are again neglected, (14) is obtained from (40) and 


2\2 
JB 


A simple expression for the bandwidth is obtained in the 


(42) 
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limit \/y1. The a2 term of (42) can be neglected if 
only the lowest order of X/¥ is taken into account. In 
this approximation 


4 2(A/y) 70” 


A : - (43) 
1 1 
* 1424554+(14+5) 
a a 


27M 
H+ 27M 


Eq. (15) is now obtained by expressing H in terms of 
the resonance frequency. 


Analysis of Microwave Measurement Techniques by 
Means of Signal Flow Graphs* 


J. K. HUNTON} 


Summary—Microwave measurement techniques can be analyzed 
more simply by using signal flow graphs instead of the customary 
scattering matrices to describe the microwave networks used in the 
measuring system. This is because the flow graphs of individual 
networks are simply joined together when the networks are cas- 
caded and the solution for the system can be written down by in- 
spection of the over-all flow graph by application of the nontouching 
loop rule. This paper reviews the method of setting up flow graphs 
of microwave networks and the rule for their solution. A single di- 
rectional-coupler reflectometer system for measuring the reflection 
coefficient of a load is then analyzed by this method. The analysis 
shows how auxiliary tuners can be used to cancel residual error 
terms in the measurement of the magnitude of the reflection coeffi- 
cient at a particular frequency. The analysis also shows how an addi- 
tional tuner can be used to measure the phase angle of the reflection 
coefficient. These reflectometer techniques are particularly useful 
in the measurement of very small reflections. 


INTRODUCTION 


HE signal flow graph is a method of writing a set 

of equations, whereby the variables are repre- 

sented by points and the interrelations by directed 
lines giving a direct picture of signal flow. The algebra 
of flow graphs leading to solutions by direct inspection 
has been developed by S. J. Mason and others at the 
Massachusetts Institute of Technology.!:? When micro- 
wave network equations are written in scattering matrix 
form the corresponding flow graph is particularly useful 
because, in this case, the flow graph of a system of cas- 


_ * Manuscript received by the PGMT, September 14, 1959; re- 
vised manuscript received November 25, 1959. 
} Hewlett-Packard Co., Palo Alto, Calif. 
1S. J. Mason, “Feedback theory—some properties of signal 
flow graphs,” Proc. IRE, vol. 41, p. 1144-1156; September 1953. 
7S. J. Mason, “Feedback theory—further properties of signal 
flow graphs,” Proc. IRE, vol. 44, pp, 920-926; July, 1956. 


caded networks is constructed simply by joining to- 
gether the flow graphs of the individual networks, and 
the solution is then available directly. 


One of the best applications of the flow graph method 


is in the analysis of measuring techniques and the de- 
termination of residual errors. It is the intention here to 
review the mechanics of the method and to apply it in 
analyzing the microwave reflectometer system used for 
measuring the reflection coefficient of a load. This sys- 
tem has been in general use for some time,® and has been 
analyzed recently by Engen and Beatty* who showed 
how tuners could be used to reduce residual errors to a 
negligible value when measuring the magnitude of the 
reflection coefficient. Their result will be derived here by 
the flow graph method. In addition, a technique for 
measuring the phase angle of the reflection coefficient 
will be presented. 


ONE- AND Two-Port NEtworkK FLow GRAPHS 


Fig. 1 shows some simple flow graphs used as building 


blocks. In Fig. 1(a) the general two-port network is 
shown as specified by its scattering matrix coefficients. 
Here a; and az are the complex entering wave ampli- 
tudes, while b; and b2 are the outgoing wave amplitudes 
at ports 1 and 2 of the network. These are represented 
in the flow graph as points or “nodes.” The nodes are 


§ J. K. Hunton and N. L. Pappas, “The -hp- microwave reflectom- 


ane Hewlett-Packard J., vol. 6, pp. 1-7; September—October; 


4G. F. Engen and R. W. Beatty, “Microwave reflectometer tech- 


niques,” IRE TRANs. oN MIcROWAVE THEORY AND TECHNIQUES, 
vol. MTT-7, pp. 351-355; July 1959. 
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Fig. 1—(a) Two-port network. (b) Load, (c) Generator. (d) Video 
detector. (e) Lossless line length. (f) Shunt admittance, (g) Series 
impedance. 
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related to one another by directed lines (signal flow) 
marked with appropriate coefficients. These are the 
scattering coefficients Si1, S12, Sei, Se. and their mean- 
ing is derived from 


by = Sia + Si2d2, 
be = Sod + S22d2. 


Here Sj; is the reflection coefficient 6;/a, at port 1 
when port 2 is terminated in a matched load (in this 
case d2=0). Sy is the reflection coefficient b2/a2 at port 2 
when port 1 is matched (a;=0). Siz is the transmission 
coefficient 6,/a2 from port 2 to port 1 when port 1 is 
matched (a;=0), and S» is the transmission coefficient 
b,/a, from port 1 to port 2 when port 2 is matched 
(a2=0). In all reciprocal networks Sj2=S2i. The value 
of each node in the flow graph is the sum of all signals 
entering it, each signal being the value of the node from 
which it comes multiplied by its path coefficient. The 
independent variables a; and a» in the equations repre- 
sented by the flow graph are characterized by signal 
flow directed into the graph. 

Fig. 1(b) depicts a termination or load whose reflec- 
tion coefficient is I’;. 

Fig. 1(c) shows a mismatched generator. Here E£ is the 
wave amplitude at the port when the generator sees a 
matched load (a=0) and TI, is the reflection coefficient 
looking into the port when E is zero. 

Fig. 1(d) shows a video detector (such as a crystal or 
a barretter mount). Iz is the detector reflection coeffi- 
cient at the port, and is a scalar conversion efficiency 
relating the incoming wave amplitude to a meter read- 
ing M. It is assumed that this meter is calibrated to take 
account of the detector law so that & is independent of 
signal level. It is also assumed that Pa is independent of 
signal level. (Both these conditions are satisfied very 
nearly with detectors used in reflectometer systems 
when used in their proper operating range.) 

Fig. 1(e) depicts a length of lossless transmission line. 

Fig. 1(f) is a shunt discontinuity such as a junction 
between two lines or a probe which can be considered as 
4 shunt admittance. The coefficient Si1=S22=T is the 
reflection coefficient which would be measured if the 
discontinuity were followed by a matched load. The co- 
efficient S,2.=Se=1+T follows from the fact that the 
net wave amplitudes on either side of the discontinuity 
must be equal. The coefficient IT’ is related to the nor- 
malized shunt admittance Y by 


ve 


r=- 
V+2 


Fig. 1(g) is a lumped series impedance. Here the co- 
efficient I is related to the normalized series impedance 


Z by 
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Tue “NoNTOUCHING Loop” RULE 


When networks are cascaded it is only necessary to 
cascade the flow graphs since the outgoing wave from 
one network is the incoming wave to the next. This is 
demonstrated in Fig. 2 where a network is placed be- 
tween a generator and a load. The system now has only 
one independent variable, the generator amplitude E&. 
The flow graph contains paths and loops. A “path” is a 
series of directed lines followed in sequence and in the 
same direction in such a way that no node is touched 
more than once. The value of the path is the product of 
all coefficients encountered en route. In the figure there 
is one path from £E to bz. It has a value S21. There are 
two paths from E to 61, namely Sy; and SoiT7Si. A first 
order “loop” is a series of directed lines coming to a 
closure when followed in sequence and in the same direc- 
tion with no node passed more than once. The value of 
the loop is the product of all coefficients encountered en 
route. A second-order loop is the product of any two 
first-order loops which do not touch at any point and a 
third-order loop is the product of any three first-or- 
der loops which do not touch, and so on. In Fig. 2 
there are three first-order loops, namely, ['ySi1, SeeI'z, 
and T,SeiI',Si2 and there is one second-order loop 
Ty Si1SeeF 1. 

The solution of a flow graph is accomplished by appli- 
cation of the nontouching loop rule,®:® which, written 
symbolically, is 


po OS ISCO ae ee 
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by Sor 

E 7 1—T)Su — Sel, — TpSeattSi2 + Tisasulee 
by ¥ Su(1 — Soetz) + Sat tS12 

a1 7 t= Sols 


Note that the generator flow graph is unnecessary 
when solving for 6;/ai1, and the loops associated with it 
are deleted when writing this solution. It is worth men- 
tioning at this point that second- and higher-order loops 
can quite often be neglected while writing down the solu- 
tion if one has orders of magnitude for the various co- 
efficients in mind. 


THREE-PoRT NETWORK 


The flow graph of the general three-port network 
with the third port terminated by a detector is shown in 
Fig. 3(a). The equations described by the flow graph are 


by = Syd + S122 + S343, 
be = So1d1 + So2d2 + So3d3, 
b3 = S311 + S32d2 + S330s, 
a3 = 63a, 


M = a3, 


(note also that S12= S21, Sis = S31, S23 = S32 for reciprocal 
networks). 


Pl = 2 Ee Le) a 


1° Sb SS > LO) = eG) 


Here > L(1) denotes the sum of all first-order loops. 
>°L(2) denotes the sum of all second-order loops and so 
on. Pi, Ps, P3, etc., are the values of all the various 
paths which can be followed from the independent vari- 
able node to the node whose value is desired. }*Z(1)® 
denotes the sum of all first-order loops which do not 
touch path P; at any point, and so on. In other words, 
each path is multiplied by the factor in brackets which 
involves all the loops of all orders which that path does 
not touch. T is a general symbol representing the ratio 
between the dependent variable of interest and the inde- 
pendent variable. This process is repeated for each in- 
dependent variable of the system and the results are 
summed. 

As examples of the application of the rule, the trans- 


mission b2/EH and the reflection coefficient },/a; are 
written as follows: 


5 C. S. Lorens, “A Proof of the Nonintersecting Loop Rule for th 
pouien ot ee by Flowgraphs,” Ren hie aE Rien 
ics, M.I.T., Cambridge, Mass., Quart. Prog. 5 (OVA 
ameter Quart. Prog. Rept., pp. 97-102; 

me ea Happ, eee ee on signal flowgraphs,” from “Anal- 
ysis of Transistor Circuits,” Extension Co Universi i- 
fornia, Berkeley, Catalogue No. 834AB, pi meso! 


(b) 


Fig. 3—(a) Three-port network with detector. (b) 
Directional detector. 
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Since only two RF ports are available with this com- 
bination, the flow graph can be simplified considerably. 
Fig. 3(b) shows this simplification. The symbols for the 
coefficients are chosen with a directional coupler- 
detector combination in mind. The directional coupler 
is assumed to have a built-in termination in one end of 
its secondary arm, and the other end of the secondary 
arm is the third port which is terminated by a video de- 
tector. The relationships involved are 


M = |CRE' 
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the generator tuner reflection is lumped together with 
the generator reflection as I,’ and the load tuner is repre- 
sented as a general two-port network with coefficients 
Ty, Ty2 and T;. The analysis carried out in Appendix I 
shows that I,’ can be made equal to any arbitrary value 
by proper adjustment of the generator tuner (although 
E varies with the adjustment), and I';; can be made any 
arbitrary value by proper adjustment of the load tuner. 
The solution for the meter reading M is 


DD») 


(1 = Lois ae EL eo ca TT 41) ae Pa 727 + elie + Tye ce eine ess) 


b, = Tia + T a2, 
bo = Tea2 + Ta, 
M = k(Ca, + CDaz), 


Sis? a 
Ty 7 Si oa Soe ae oe: 
1 = S33Ta 
So3?Ta 
T, = Soo + , 
1 — S33Va 
T a ce Si3S5e3T a ’ 
1 — S33Va 
eee ie. 
t— Sila S31 


These relationships are written directly through appli- 
cation of the nontouching loop rule. Note that the path 
a, to M is the main coupling direction involving an ef- 
fective coupling coefficient C and the path a2 to M is the 
residual coupling direction involving the coupling factor 
and effective directivity coefficient D. For a directional 
coupler, the coupling factor as usually defined is 20 log 
|1/Ss:| while the directivity is 20 log | Ss1/Ss2| . 


SINGLE COUPLER REFLECTOMETER 


A reflectometer system for measuring the reflection 
coefficient of a load is shown in Fig. 4. In this arrange- 
ment a single directional-detector is used in conjunction 
with two slide-screw tuners, one at each end of the 
coupler. These tuners are for the purpose of cancelling 
residual signals which can cause a measurement error. 
They consist of a probe of adjustable penetration pro- 
jecting into the line through a slot along which the probe 
position can be varied. In the flow graph of the system 


@ METER 
GENERATOR CI 
Ty ri SLIDE Ln 
a SIE, CDIRECTIONAL Screw «LOAD 
TUNER DETECTOR TUNER 


Fig. 4—Single coupler reflectometer. 


This assumes that connector or flange joint reflections 
are lumped within the tuner networks and the coupler 
coefficients I',, [2:, D are small compared to unity. All 
third- and higher-order loops are negligible and second- 
order loops involving I’; or I’: are negligible. These ap- 
proximations are quite valid for practical systems and 
simplify the algebra considerably. Since the meter read- 
ing M is not directly proportional to Paar the reflec- 
tometer system as it stands cannot give an accurate 
result. The procedure for achieving the accurate rela- 
tionship is as follows: 


1) Adjust the load tuner: terminate the system with 
a low-reflection phaseable load. The I’; term in the 
denominator is then negligible by comparison 
with the constant term, whereas the I’; term in the 
numerator is comparable to the constant term. As 
the load is moved, the meter reading will vary. By 
adjusting Ty; such that no variation occurs, the 
constant term in the numerator can be brought to 
zero. This means I'y;= —D/T. 


2) Adjust the generator tuner: the system is now 
terminated with a phaseable short circuit. As this 
is moved, the meter reading varies as a result of 
the beating between the I’; term and the constant 
term in the denominator. By proper adjustment 
of T,’, the I’, term can be made zero. That is 


; DD 
> Te OR 


With this adjustment no variation in M occurs as 
the short is moved. 


3) The meter reading is now directly proportional to 
Tz]. That is M=K\T,|. The meter reading is 
adjusted to the reference value of unity by adjust- 
ment of a gain control. If now an unknown load 
+s connected to the system, the meter will accu- 
rately measure the magnitude of its reflection co- 
efficient. In a practical case it may be necessary to 
apply corrections to the meter readings to take 
account of small deviations of the detector law 
from the meter law. 
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PHASE MEASUREMENT OF A SMALL REFLECTION 


By a variation of the method just described, it is 
possible to measure quite accurately the phase angle of 
a small reflection. 

Fig. 5 shows the flow graph of the setup required for 
phase measurement. A third slide-screw tuner is in- 
cluded just ahead of the load. Otherwise the flow graph 
is identical to Fig. 4. The probe itself is represented as 
a shunt discontinuity I’, distant 6 and ¢ from the tuner’s 
two ports. The small residual reflections at the load end 
of the tuner are represented by the general two-port 
flow graph with coefficients T,’, T’, 7”, while the re- 
sidual reflections at the other end are considered lumped 
within the ports of the previous tuner network. 

Assuming that Ty, Te, D, Mn, Pye, 1’, Pe’ are-all small 
compared to unity, the solution for the meter reading 
M is: 
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Fig. 5—Phase measurement with single coupler reflectometer. 


The maximum error in the measurement of the phase 
angle is then sin! (2| t’| +2) ry’ | ). If the tuner probe is 
not lossless but has a small shunt conductance G, asso- 
ciated with it the maximum error becomes 


Gp 
sin*(2]¢] 42/0] +2 
By 
However, if the greatest accuracy is desired, the probe 


conductance could be measured and the phase angle 
corrected. If a slotted line with the same residual dis- 


D+ TT a+ TIATe + TTGe HOO + Wy\Ty + TTAT AL + Wyle MOL 


M = CkE' 


The probe is first removed making I’, zero, and |T';| is 
then measured by the previous procedure of Fig. 4. Dur- 
ing this procedure the tuner. coefficient I';; will have been 
adjusted to bring to zero the sum of all terms in the 
numerator not involving I';. That is, 


D a PAR ob DL Ent COEeo == (6) 


The probe is now inserted and adjusted in depth and 
position until M/ is zero. The result is 


et eee ened 21 exr7 
Zs cplez T? ) 
or 
Ty nef Re oS (1 — 2 + 21 y’e-29), 
Sevan 


Where ¢’ is the small deviation of 7’ from unity, 
(7’=1-++1’). For small reflections (less than 0.2) the 
probe can be considered a pure shunt susceptance, in 
which case, 


ely 
2+ 7B, 
and 
Be ba yore 
2 Ries ; 


Except for the error term in brackets, I"; is the complex 
conjugate of I’, transformed through the line length ¢. 
The phase angle can be determined by using a Smith 
Chart or, solving for Bp in terms of |r, . 


/T1 = 2¢ — tan“ 
[P| 


1= >> 10) + LQ) - 


continuities as the tuner is used, the effective load re- 
flection measured would be 


Lie 
i (1 + 20 -- —). 
Ly 


There is both a magnitude and a phase error. The error 
in the phase angle would be of the order of 


ipa 
sin-*( |r| +|—*/). 
ips 
As an example, consider a case where a phase meas- 
urement is required of a load whose reflection coefficient 
has a magnitude of 0.03 (SWR=1.06). Suppose the 
tuner used for the measurement has a residual reflection 
of 0.01. Then ¢’ and T;’ could be of the order of 0.01. 
G,/B, can be of the order of 0.05. The maximum phase 
error would be sin! (0.09) or 5 degrees. If a slotted line 
with a residual reflection of 0.01 were used to measure 
the phase angle of the load reflection, the maximum 
error would be of the order of sin~! (0.35), or 20 degrees, 
not to mention the error which could occur through in- 
ability to locate accurately the minimum in the standing 
wave. 
CONCLUSION 


The chief advantages of flow graph over matrix alge- 
bra in solving cascaded networks are the convenient 
pictorial representation and the painless method of pro- 
ceeding directly to the solution with approximations 
being obvious in the process. The flow graph method is 
particularly useful in analyzing a measurement tech- 
nique to determine residual error magnitudes. 

The reflectometer techniques described are mainly ap- 
plicable to the measurement of small reflection loads. 
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The use of tuners in the magnitude measurement results 
in a cancellation of residual error signals. In the phase 
measuring method, the residual error signals are merely 
depressed since a further probe insertion is required to 
make the measurement after “flattening” the system. 
This depression becomes important when the residual 
reflections in the system are of the same order of mag- 
nitude as the reflection to be measured. 
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THE SLIDE-SCREW TUNER 


The slide-screw tuner consists of a probe of adjustable 
penetration projecting into a line through a slot along 
which its position can be adjusted. The probe itself can 
be regarded as a purely shunt discontinuity. In addition, 
there are fixed discontinuities at the ends of the slot and 
at the connectors or flange joints. It is desirable to lump 
all the fixed discontinuities at the two ports of the net- 
work. To show that this can be done, consider the flow 
graph of a shunt discontinuity followed by a length of 
lossless line as in Fig. 6(a). 

Here 8 is the electrical length of the line section and 
T is the reflection coefficient of the discontinuity when 
backed up with a matched load. The discontinuity can 
be transferred to the other port as shown in Fig. 6(b). 

In either case the scattering coefficients are 

Su = Ie; Soo. Te 748, S12 = So1 = (1 + Pje-*; 
If a further discontinuity I’ is present at the right-hand 
port, the two can be lumped together and described by 
the flow graph of Fig. 6(c) where, 


Tete + 1’ 4 207" 


T= ; 
1—lI’e?# 
T’ + Te-2i8 + 20T’e28 
TI. = 7 b] 
nie? 
eO1+T)1+T) 
TS ore 


For small reflections, the tuner probe is a lossless shunt 
discontinuity and is equivalent to a shunt capacitive 
susceptance. The relationship between normalized sus- 
ceptance B, and probe reflection coefficient I’, is 


— jBp 
Uae ats 
2+ jBp 


The complete flow graph of a slide-screw tuner is shown 
in Fig. 6(d) where all the fixed reflections beyond the 
probe are now lumped at the two ports. 

It is desirable to represent the tuner by a two-port 
flow graph with three coefficients. In order that this be 
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Fig. 6—(a) Shunt discontinuity followed by a length of lossless line. 
(b) Equivalent discontinuity referred to the other port. (c) Addi- 
tional discontinuity included at the port. (d) Complete flow graph 
of the slide-screw tuner. (e) Equivalent side-screw tuner flow 
graph. 


useful, however, it is necessary to show that the Si, and 
Soo coefficients can be made equal to any arbitrary value 
by proper adjustment of T, and @. This can be done in 
two steps. Consider first the case with no discontinuity 
at port 1. The Si: coefficient is then 


Ten? $ Pofen240+#) 4. 2D pT'y/e-7 O44) 


1 — Deals en 


Consider the possibility of making this some arbitrary 
value k. This is a simple problem to solve using a Smith 
Chart. One would start with a reflection coefficient I'2’ 
at port 2 and move toward the generator until reaching 
a point at which the reflection T,/e2 and the reflection 
ket2# were represented on the chart by admittances 
with the same conductance value. The probe would be 
inserted at this point until its susceptance equalled the 
difference between the susceptances at the points repre- 
senting the two reflections. 


eee 
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Stated analytically these conditions are 


— jB 
= 
Vie aE 
il = G — 7By 
ket2i¢ = —___——__ 
1+G+ 7B. 
1— G—j 7B’ 
T/e7248 = —___—_—__ 
1+G+ jB' 
Ba Ba eos [B, positive]. 


Substitution of these conditions in the expression for Si 
above does give the result Sj:=k. Since the Si: co- 
efficient can be made equal to any arbitrary value k when 
the fixed port-1 reflection is absent, it is obvious that the 
Si: coefficient for the complete system can be made 
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equal to any arbitrary value a. The value is 
Ti’ — ey’) + Fe 
1 — kT 1’ 


a= 


or 
ry" i (Oh 


eee = IF? — ID) 


The slide-screw tuner can now be represented as a two- 
port device with three coefficients as shown in Fig. 6(e), 
and we can conclude that I; or Ty can be made any 
arbitrary value by adjustment of the probe. 
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Stepped Transformers for Partially Filled 
Transmission Lines* 
D. J. SULLIVAN} anp D. A. PARKES} 


Summary—lIn recent years, partially-filled transmission lines 
have been used to improve the characteristics of various ferrite and 
garnet devices. This paper presents a generalized outline for deter- 
mining the approximate effective guide wavelength and characteristic 
impedance of two types of (dielectric-loaded) partially-filled trans- 
mission line. The results are used to determine the geometries re- 
quired for the design of optimum stepped transmission line trans- 
formers. The stepped transitions are designed to yield a Tchebycheff- 
type response for any given bandwidth. The measured results for 
stepped transitions in partially filled coaxial line and partially filled 
double-ridge waveguide are presented. The data are found to ap- 
proximate the theory closely. 


J]. INTRODUCTION 


IELECTRIC-loading techniques! are frequently 
—D used to improve the characteristics of certain 
ferrite and garnet devices. It has been shown 
that one method of obtaining a nonreciprocal device in 
conventional coaxial or strip transmission line is to dis- 
tort the dominant (TEM or Quasi-TEM) mode by use 


* Manuscript received by the PGMTT, August 31, 1959; revised 
manuscript received, December 7, 1959. 

{ Sperry Microwave Electronics Co., Clearwater, Fla. 
_ | P. H. Vartanian, J. L. Melchor, and W. P. Ayres, “Broadband- 
ing ferrite microwave isolators,” 1956 IRE NaTIoNAL CONVENTION 
RECORD, pt. 5, pp. 79-83. 

2 E. A. Ohm, “A broadband microwave circulator,” IRE TRANS. 
ON MicrowAvE THEORY AND TECHNIQUES, vol. MTT-4, pp. 210- 
217; October, 1956. 


of a dielectric material.*:* The nonreciprocal character- 
istics of double-ridge waveguide components are also 
often improved by supplementing the ferrite or garnet 
with a dielectric material.® The addition of this dielectric 
material changes the characteristic impedance of the 
transmission line, and this in turn introduces the prob- 
lem of matching. Cohn has shown that for a given num- 
ber of steps a Tchebycheff stepped transformer design 
will give the minimum possible VSWR for a specified 
bandwidth. Three stepped transitions, in partially 
filled transmission line, are shown in Fig. 1. The use of 
a stepped transition will normally 1) substantially re- 
duce the inherent VSWR of a device, 2) enable a specific 
unit to be made considerably shorter or 3) result in a 
compromise between the two. 


3B. J. Duncan, L. Swern, K. Tomiyasu, and J. Hannwacker, 
“Design considerations for broadband ferrite coaxial line isolators,” 
Proc. IRE, vol. 45, pp. 483-490; April, 1957. 

4D. Fleri and G. Hanley, “Nonreciprocity of dielectric loaded 
TEM mode transmission lines,” IRE TRANS. ON MICROWAVE THEORY 
AND TECHNIQUES, vol. MTT-7, pp. 23-27; January, 1959. 

5 E. Grimes, D. Bartholomew, D. Scott, and S. Sloan, “Broad- 


band ridge waveguide ferrite devices,” presented at the IRE National 


Symposium on Microwave Theory and Techniques, Harvard Uni- 
versity, Cambridge, Mass.; June 1-3, 1959. 

6S. B. Cohn, “Optimum design of stepped transmission line trans- 
formers,” IRE TRaNs. ON MICROWAVE THEORY AND TECHNIQUES, 
vol. MTT-3, pp. 16-21; April, 1955. 
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€ = RELATIVE DIELECTRI 
' CONSTANT OF REGION t 


€ = RELATIVE DIELECTR 
2 CONSTANT OF REGION 2 


(c) 


Fig. 1—Step transitions in partially filled transmission line. (a) Co- (b) 
axial step transition for changing angle, (b) coaxial step transition Fig. 2—Cross section of partially filled coaxial 
for changing diameter, (c) double-ridge waveguide step transition. transmission lines. 


It has been shown that in a partially filled coaxial The total equivalent capacitance is 


line, as shown in Fig. 2(a), the guide wavelength may Case Gs 

be obtained as a function of the dielectric wedge angle h 

6.7 Normally, it is difficult to machine a dielectric wedge, | é9 ln — 

especially for small angles and small transmission lines. as p ¢ ene (1) 
Fig. 2(b) shows another type of partially filled coaxial 360 


C 
transmission line. e, In 3 + €) In = 


This paper describes a method for computing the ap- 
proximate effective guide wavelength and characteristic where 


impedance for the types of partially filled transmission 3606, 
line shown in Fig. 1. It also outlines a generalized pro- Coe 
cedure for designing step transitions in each type of ne 
partially filled transmission line. a 


In medium A, the equivalent phase velocity, V, and 
Il. THEORETICAL DESIGN CONSIDERATIONS : 
propagating wavelength, Xa, are 


A. Partially Filled Coaxial Transmission Line 1 


1) Guide Wavelength and Characteristic Impedance: ais, os 
: : : Sa feat WLG 
_ Fig. 2(b) showsa partially filled coaxial transmission line. 
Neglecting fringing effects, and under static conditions, In medium B, the equivalent phase velocity, V., and 


the capacitance per unit length for the two cross- propagating wavelength, X,, are 


sectional areas of medium B may be written as? 1 
We — Na = 
360€1 Gey Ge €2 VLC. 
C= <a and Cy = . 
b b G b aL bits: 
In — In — €, n — + e€2 In — 
a a a G ie 
Vea=7A; = ; — 
€2 In = 
7D. J. Angelakos, “A coaxial line filled with two non-concentric 0 a 
dielectrics,” IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, 1);+1 
vol. MTT-2, pp. 39-44; July, 1954. 360 G 
8 |. D. Kraus, “Electromagnetics,” McGraw-Hill Book Co., Inc., €, In x + €)1n ¥: 


New York, N. Y., pp. 74-75; 1953. 
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For coaxial line, 


Nees (2) 
Na Logs 
Therefore, 
open ton : (3) 
Ns eA 7 b 
e2 In — 
0 a 
—1;+1 
360 C b 
e, In — + e2 In — 
a G 


with the parameters as described in Fig. 2(b). In this 
equation, \, is the effective guide wavelength and Z, the 
characteristic impedance of the partially filled coaxial 
transmission line. 

Fig. 3 shows the variation of Z,/Z, and \,g/a as a 
function of b/c, with Z, =50 ohms, 6 =180° and ¢, = 1.00, 
for various values of the relative dielectric constant €:. 

2) Step Transition Design Procedure: 

a) Intermediate dielectric radii: Fig. 4 shows a par- 
tially filled coaxial transmission line step transition. The 
ratio of the two terminating impedances may be de- 
fined as 


Ce (4) 


where 


C=a dimensionless constant, 

S=the sum of a certain set of dm constants as out- 
lined by Cohn.* [See Appendix, Sections A and 
B-1), below], 

Zn+1= the highest impedance, 

Z,=the lowest impedance. 
Z,=the nth impedance. 


When the value of C has been determined, the inter- 
mediate impedance values are then computed as: 


Z> = Ze Ca 
23 = Zi Caitaz 


Z, = Zi Cattart ++ ++an-1 (5) 
where 


Zn, Xn 
Lael 


Ant 


After the intermediate impedance values have been 
computed, the values of b/c may be obtained from Fig, 
3, in which Z,/Z, will correspond to the appropriate in- 
dividual 2,/Zn41 ratios. Once each b/c ratio is ascer- 
tained, the intermediate c values are known. 

b) Transformer length: Each transformer length for 
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Fig. 3—Normalized guide wavelength and characteristic 
impedance for partially filled coaxial line. 
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Fig. 4—Partially filled coaxial line step transition. 


the partially filled coaxial step transition is given by the 
following formula: 


AnAt Ns 
(a 
2(An + Ar) \ Angi 


d\n =shortest free space wavelength, 
\,=longest free space wavelength, and 


Xn Ly 


where 


Anti Aare 


c) Theoretical VSWR: The theoretical VSWR? for the 
partially filled coaxial line stepped transformer is given 


as 
cos 
Laer) 
Lind COS 4 


Zi ( 1 
dP ) 
COS dy 


T(x) =the Tchebycheff polynomial of the mth 
degree, 
$1=180/1+p=electrical spacing of the steps at 
the low-frequency edge of the band, 
¢=electrical spacing of the steps, 
p is defined in Section A of the Appendix, 


VSWR = 1+} In 


(7) 


where 


foes S. B. Cohn, private communication to D. Sullivan; January 23, 
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B. Partially Filled Double Ridge Waveguide 


1) Guide Wavelength and Characteristics Impedance: 
Fig. 5(a) shows a cross-sectional view of a double-ridge 
waveguide in which the effective dielectric constant e, 
completely fills the region between the ridges. Neglect- 


ing the discontinuity capacitance Ca, the cutoff frequency 
has been given by!® 


f 1 
ee ed 8 
2 / (Cz) eZ 
‘ ° a) 
where 
f.=cutoff frequency, 
Cz =total capacitance between the ridges, 
L4=total inductance of the side loops. 
For Fig. 5(a), (8) may be written as 
1 
f= (9) 


VEN 


€, = effective dielectric constant between the ridges, 

u.= permeability of the loop region, 
and the other parameters are as shown in Fig. 5(a). 

Fig. 5(b) shows a double-ridge waveguide partially 
filled with a dielectric of thickness ¢. Considering capaci- 
tance Cz, but neglecting the capacitance at the dielectric 
edges, we may write the total capacitance for Fig. 5 as 


where 


(2d — te te 
Qd= de | te 
iS g 


Cr=Cat Gita =Cat 


2de, a t(€2 = €1) 
§ 


SN 


(10) 


When capacitance C, is taken into account, substitution 
of (10) for Cg in (8) yields the cutoff frequency for di- 
electric thickness f¢ as 


1 
fe = mL 13 


2de, + t(e2 — €1) plh 
2ng/ | Ci = | | | 
g yy 


An effective dielectric constant €, can also be computed 
for Fig. 5(b) using the formula 


& 
2d 


ee = 


t 
e a E71 a 2d (€9 a €1). (12) 


10S. Ramo and J. R. Whinnery, “Fields and Waves in Modern 
Radio,” John Wiley and Sons, Inc.,.New York, N. Y., 2nd ed., pp. 
409-410; 1953. 
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| 

eg 
(b) 

Fig. 5—Cross section of a partially filled double-ridge waveguide. 


Note: For DR-37 waveguide, d=0.230 inch, g=0.370 inch, 
h=1.120 inches, /=0.915 inch, Cz=0.222 wuf/inch. 


It is known that the guide wavelength is given by the 
relationship 


Nba —= =, (13) 


Substitution into the above equation for f, and e, from 
(11) and (12) gives the effective guide wavelength for 
the partially filled double-ridge waveguide as a function 
of dielectric thickness. Fig. 6 shows the variation of \, 
as a function of frequency for DR-37 waveguide for 
various dielectric thicknesses. For Fig. 6, Ca was found 
to be 0.222 upf/inch; e=1.00, and e=9.60. 

The characteristic impedance for the geometry shown 
in Fig. 5(b) may be computed through the use of (11) 
and (13), using the following formula: 


r, 
2a = Zee) (14) 
r 


Z, =the effective characteristic impedance, 
d, =the effective guide wavelength, 
Zow =the characteristic impedance at infinite fre- 
quency for the TEio mode. 


where 


The impedance Zo.. may be readily computed as out- 
lined by Cohn." 

2) Step Transition Design Procedure: 

a) Intermediate dielectric thicknesses: Fig. 7 shows a 
dielectric step transition in double-ridge waveguide. Ex- 
perimental results indicate that by using Zo/Zo0 Values 
(rather than using either Zo or Zou) as a basis for the 


uS. B. Cohn, “Properties of ridge waveguide,” Proc. IRE, vol. 
35, pp. 783-788; August, 1947. 
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Fig. 6—Effective guide wavelength vs frequency for DR-37 double- 
ridge waveguide, with e, =1.00 and 2 =9.60. 
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Fig. 7—Partially filled double-ridge waveguide step transition. 


design of a step transition, a better over-all response is 
obtained. It is convenient to define, through the use of 
(14), the following ratio: 


(15) 


where 


C=a dimensionless constant, 

S =the sum of a certain set of a», constants as outlined 
by Cohn.® [See Appendix, Sections A and B-2), 
below ], 

2VgiAgh 


is Nal =a Ngh 


1) 


where 


X,i=longest guide wavelength at t=0, 
\gn =shortest guide wavelength at t=0, 


2NgihAgil 
Nai aie Ngil 
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where 


Xgiz= guide wavelength for the maximum dielectric 
thickness at the lowest frequency, 

Agi. = guide wavelength for the maximum dielectric 
thickness at the highest frequency. 
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As an example in Fig. 6, \g:=10.12 inches, Agn = 3.24 
inches, \,jiz= 2.93 inches, and Agw=1.43 inches. 

Upon the solving of (15) for C, the intermediate effec- 
tive guide wavelengths are computed as 


Ag2 = Nee 
Ag3 —s AgiC oi re2 


te = \yCare +an-1 (16) 

In Fig. 7, the dielectric thickness, ¢,, for each trans- 
former is obtained by use of curves such as those 
shown in Fig. 6, where \gn41=4.92 inches and Agi =1.92 
inches. When these two points are connected by a 
straight line, the intersection of this line with the ap- 
propriate value of \,,, from (16), yields the thickness to 
be used for the mth transformer. For example, if Agn is 
computed from (16) to be 3.25 inches, from Fig. 6, the 
transformer thickness, f,, is seen to be 0.050 inch. 

b) Transformer length? Each transformer length for 
the partially filled double-ridge waveguide is given by 


Agn 
4 


= 


(17) 


where A,» is as defined in (16). 

c) Theoretical VSWR: The theoretical VSWR for the 
stepped transformer has been discussed above |in Sec- 
tion II-A, 1c)]. For the double-ridge waveguide step 
transition, the theoretical VSWR is obtained by simply 
replacing 


a7): 


II]. EXPERIMENTAL RESULTS 
A. Step Transition for Partially Filled Coaxial Line 


Data have been obtained for a four-step coaxial 
transition, shown in Fig. 8(a), with a design range of 
4000 to 7000 mc. A 21.7-ohm end impedance was 
matched toa standard air-filled, ?-inch, —50-ohm coaxial 
line. In this design @=180° and e.=9.6. 

The maximum theoretical VSWR is 1.023, while the 
maximum measured VSWR in the 4000- to 7000-mc de- 
sign region was 1.033. The band response is shown in 
Fig. 8(b). 


B. Step Transition For Partially Filled Double- 
Ridge Waveguide 


A five-step transition, shown in Fig. 9(a), has been 
tested for DR-37 double-ridge waveguide. The fre- 
quency range covered was 2000 to 4000 mc, which would 
result in a value of 


(see Fig. 6). 


THEORETICAL 
EXPERIMENTAL 
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Fig. 8—(a) Design for a partially filled coaxial line, 
and (b) experimental data. 
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Fig. 9—(a) Design for a partially filled double-ridge 
waveguide, and (b) experimental data. 


However, as an added safety factor, a value of p=3.30 
was chosen. The maximum dielectric thickness used was 
0.230 inch, with a dielectric constant of 9.6. 

The step transition was placed on the input side of a 
waveguide isolator. The ferromagnetic material did not 
substantially change the effective characteristics of the 
partially filled waveguide. For the five-step double- 
ridge waveguide transition, the maximum theoretical 
VSWR is 1.081. As can be seen from the band response 
in Fig. 9(b), the measured VSWR (isolator input VSWR) 
is less than 1.090 throughout most of the 2000- to 4000- 
me band. For a design such as that shown in Fig. 9(b), 
it should be noted that the thickness of any particularly 
thin transformer may be increased by simply using a 
lower dielectric constant material while maintaining the 
same transformer length. 
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IV. CONCLUSION 


A theoretical analysis has been made of the effective 
guide wavelength and characteristic impedance of 
partially filled transmission lines. Although proximity 
effects have been neglected in this analysis, experi- 
mental results are found to closely approximate the 
theory. 

By use of the equations presented, step transitions 


may be designed for partially filled (dielectric loaded) 
transmission lines. 


APPENDIX 

A. Determination of S 

In (4) and (15), where S= )oa,=a,-+a3+a,;+ 9 == 
+a,, the value of S is determined by 1) the bandwidth 
pb and 2) n, the number of steps used the in step-transi- 
tion design. A method of computing the a, values is 
described by Cohn.® For a five-step transition (7=5) 
and a bandwidth p equal to 3.30, the value of S would be 


S = ay + de + a3 + ag + as. 
S = 1-4 1.787 + 2.194 + 1.787 + 1.000 = 7.768. 


B. Bandwidth 


1) Partially Filled Coaxial Line: In the design of 
partially filled coaxial line step transitions, the band- 
width p is given by the following equation: 


Ar 


ES (18) 


where 


\1=longest free-space wavelength, 
\, =shortest free-space wavelength. 


2) Partially Filled Double-Ridge Waveguide: In the 
design of partially filled double-ridge waveguide step 
transitions, the bandwidth # is given by 


(19) 


where 


d,1= guide wavelength at the lowest frequency in air- 
filled double-ridge waveguide, 

do» = guide wavelength at the highest frequency in air- 
filled double-ridge waveguide. 


The computed value for p in double-ridge waveguide 
will usually be slightly higher than the precise value re- 
quired. However, a somewhat still higher value of p is 
frequently used to provide a small safety factor in the 
design. 


ee 


218 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


March 


Parametric Diodes in a Maser Phase-Locked 
Frequency Divider* 


M. L. STITCHt, N. O. ROBINSONT, anp W. SILVEY?{ 


Summary—The use of an ammonia-beam maser in a portable 
frequency standard requires a frequency divider which can be tran- 
sistorized. A divider which uses no microwave tubes and hence one 
that can be transistorized is described. An ammonia-maser-con- 
trolled signal generator used to tune up the divider is also described. 
It is found that the use of a parametric diode frequency multiplier 
substantially improves the lock-in performance of the divider. Some 
data are given for comparing the performance of the maser fre- 
quency divider with and without the parametric diode frequency 
multiplier. 


FREQUENCY DIVIDER 


N ORDER TO divide the ammonia-beam maser!” 

(hereafter called the maser) frequency down to a use- 

ful frequency for standards work, a phase-locked 
frequency divider has been designed and built. This 
divider, which does not use any microwave tubes (other 
than planar triodes), was designed as the first step 
toward a completely transistorized divider. 

The circuit diagram is shown in Fig. 1. The system 
uses a phase-locked servo loop. A simplified explanation 
of the operation is as follows: The frequency of the 
voltage-controlled oscillator, which is approximately 1 
me, is multiplied approximately 24,000 times and beat 
with the maser output. The resulting IF at a value of 
several megacycles is fed into a phase-sensitive detector. 
The reference voltage for this detector is derived from 
the voltage-controlled oscillator. The error voltage out- 
put from the phase-sensitive detector is fed through a 
suitable integrator and phase-correction circuit to the 
WiEO): 

To prevent accidental locks to frequencies derived 
from the VCO, double heterodyning and frequency di- 
vision of VCO frequency by a rational fraction are used 
to secure the phase-detector reference frequency and the 
translation frequency for the second IF. The VCO is 
locked with zero error when the frequencies and phases 
at the two inputs of the phase-sensitive detector are 


* Manuscript received by the PGMTT, July 6, 1959; revised 
manuscript received October 23, 1959. 


} Hughes Aircraft Co., Culver City, Calif. 

{ Aeroneutronic Systems, Inc., Newport Beach, Calif. Formally 
of Hughes Aircraft Co., Culver City, Calif. 

1 J. P. Gordon, H. J. Zeiger, and C. H. Townes, “The maser— 
new type of microwave, frequency standard, and spectrometer,” Phys. 
Rev., vol. 99, p. 1264; August, 1955. 


*J., Bonanomi, J. dePrins, J. Hermann, and P. Kartoshoff, 
“Améliorations d’un maser 4 NH,” Helv. Phys. Acta., vol. 30 
p. 492; 1952. (In French). ‘ 
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Fig. 1—Block diagram of phase-locked frequency divider. 


equal. The frequency condition is then 


[(Wfo a) Ss Mfi| = Dfo (1) 


where 


fm= maser frequency = 23,870 mc, 
fo=VCO frequency = 971,383 kc, 
N=32X8X8 X12 =24,576, 
M= 2? 

DTT 3s 


Hence, fo =fm/(24,573+1/3). The loop bandwidth is 20 
cps; the loop damping factor is 0.7. 


MASER-CONTROLLED SIGNAL GENERATOR 


Of great utility in “tuning up” the divider for initial 
lock as well as for optimizing parameters and making 
the measurements described below is a means of obtain- 
ing maser frequency and stability at much greater 
power than maser signal power. An obvious way of 
amplifying at frequencies at which stable, high-gain 
amplifiers are not presently available is by the use of 
double conversion; 7.e., one translates to a frequency 
where amplification is convenient and then translates 
back to the desired frequency. This technique uses a 
common local oscillator for both translations and thus 
subtracts out to first order the drifts and swings of the 
local oscillator from the desired amplified signal. In the 
present case an additional difficulty is encountered be- 
cause of the extremely low power output of the ammonia 
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Fig. 2—Maser signal generator. For proper operation, leakage signals at frequency fo going from 
balanced mixer No. 2 to balanced mixer No. 1 must be kept at a lower level than the maser 
signal. This is accomplished by judicious use of isolators, attenuators, and the directivity of 
the directional couplers (shown wit h asterisks). 


maser (~10-" watt), the comparatively high conversion 
loss of K-band mixer diodes (~8 db), and the poor sta- 
bility of K-band klystrons. Amplified power in the milli- 
watt region requires IF amplification of the order of 90 
db. The resulting narrow bandwidth of this high-gain 
IF amplifier and the consequent rapid phase shift of out- 
put with frequency give rise to phase modulation as the 
local oscillator jitters. This is overcome in the following 
way. Since it is the maser frequency that we wish to 
amplify, we can make use of the IF offset phase-locked 
klystron* mixed with its IF. In effect, we have substi- 
tuted the stability of a stable, low-frequency crystal 
oscillator for that of a klystron as our local oscillator in 
the double conversion amplifier and have thus elimi- 
nated the phase modulation referred to above. The cir- 
cuit diagram is shown in Fig. 2. Dual conversion from 
30 mc to 22 mc is used in the phase-lock loop to alleviate 
the shielding problem by keeping low-level amplifiers 
and oscillators at different frequencies. No “ghost locks” 
were observed. Further comments are contained in the 
caption for Fig. 2. A power output of approximately 0.2 
mw coherent with the maser and at the same frequency 
has been obtained with this maser signal generator. 


3M. Peter and M. W. P. Strandberg, “Phase stabilization of 
microwave oscillators,” Proc. IRE, vol. 43, pp. 869- 873; July, 1955. 


LOCKING THE DIVIDER 


The frequency divider is connected to the maser signal 
generator, which is set to supply power several orders of 
magnitude higher than that of the maser. The divider is 
put into operation by switching to “Designate” (see 
Fig. 1) and tuning the VCO into the correct frequency 
while one watches the beat frequency output of the 
quadrature phase detector. When the beat frequency 
decreases to a sufficiently low value, the switch is put on 
“Tock” and one can observe a further decrease in beat 
frequency as the VCO frequency drifts and finally 
comes to a halt at a dc level of quadrature voltage out- 
put. It is clear that when the phase-detector output 
(which is the error signal) is null, the output of the 
quadrature phase detector is a dc maximum. Further, 
the value of this dc is, before the onset of saturation, a 
monotonically increasing function of the input signal, 
the linearity of which is modified by AGC action in the 
IF. The AGC acts to compress the range of quadrature 
phase-detector output. This output can be used as an 
indicator while the system is being tuned and peaked. 
As the maser-controlled signal generator power is de- 
creased, the quadrature phase-detector de output volt- 
age V, decreases and the increase in gain caused by 
AGC action increases the noise modulation of V,. Since 
this noise is significantly higher in frequency than 20 
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cps, the loop bandwidth frequency, the VCO frequency, 
is unperturbed. The de value of V, remains constant for 
each value of maser-signal generator power down to 
very low signal-to-noise ratios. This indicates that the 
long-term VCO frequency remains a fixed fraction of 
the maser frequency. The divider can be switched from 
the maser signal generator directly to the maser. 


PARAMETRIC DIODE FREQUENCY MULTIPLIER 


Operation at low signal-to-noise ratios does not, as 
pointed out above, result in decreased stability, but it 
does increase the probability of an accidental break of 
lock. As is evident from Fig. 1, the chief cause of poor 
signal-to-noise ratio is the use of a mixer which must 
perform two operations: 1) harmonic multiplication 
(from 1989 mc to its twelfth harmonic at 23,872 mc) 
and 2) mixing. The result seems to be inefficient opera- 
tion for both applications. Previous measurements had 
indicated that a marked improvement in conversion 
efficiency of the mixer had resulted when the driving 
frequency for the harmonic mixer was increased to any 
integral submultiple of 23,872.6 mc. For example, at ap- 
propriate frequencies near 1 kmc, 2 kmc, and 3 kmc, the 
signal-to-noise ratio remained constant providing the 
driving power was in the ratio of 40 (for 1 kmc) to 8 
(for 2 kmc) to 1 (for 3 kmc). With eventual transistori- 
zation of the divider in mind, the highest tube freqeuncy 
used was 1989 mc. There is enough power available at 
this frequency to degrade the performance of the 
IN26A mixer diode so that one operates at a rectified 
current which gives maximum locking. In the typical 
run cited below, this was at 1 ma, which corresponds 
to 9.8-mw drive. Even when higher driving frequencies 
were used, the mixer-diode rectified current was kept 
constant. 

The availability of the new parametric diodes with 
their possibilities for efficient frequency multiplication*® 
raises the question of whether the performance of the 
divider (in terms of signal-to-noise ratio) will improve if 
such a diode is inserted in the multiplying circuit be- 
tween the harmonic mixer and the last multiplying 
stage. In particular, will the loss in power caused by 
harmonic-conversion loss be more than offset by the in- 
troduction of a higher frequency into the harmonic 
mixer? 

For this purpose, a very crude multiplier was con- 
structed that employed a Hughes Type 2810 parametric 
diode in a detector mount at the junction of a coaxial T. 
The system was driven at 1989 mc through a low-pass 
filter and terminated by a coax-to-waveguide transition 


SIN (Uilnibbe, Ves, ; The potential of semiconductor diodes in high- 
frequency communications,” Proc. IRE, vol. 46, pp. 1099-1115; 
June, 1958 

DnB: ae and S. Weinreb, 1s requency multiplication with 
nonlinear capacitors—a circuit analysis,” Proc. IRE, vol. 4 : 
2076-2084; December, 1959. beds 
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leading to an RG 49/U waveguide, which served as a 
high-pass filter to the output. The third arm of thes 
was terminated by a tuner and short, and tuners were 
inserted at judiciously chosen points. The microwave 
driving power was adjusted so as to drive the diode 
beyond its zener point; then the dc bias was set to a 
value which balanced the de component of the diode 
current to zero. Typically, the second harmonic output, 
which is at 3978 mc, is 7 db down from the input, al- 
though, with some critical adjustments, 6 db have been 
obtained. At these efficiencies, power outputs from 8 to 
32 mw have been observed. An attempt was made to 
measure harmonic outputs higher than the second with 
the present multiplier. Even the third, at 5967 mc, was 
more than 15 db down. At these low levels, no attempt 
was made to determine the relative harmonic content 
(as between 2, 3, 4, etc.) of the signal driving the har- 
monic mixer under operating conditions. However, pro- 
nounced variations in the sensitivity of the system cor- 
responding to a nearly fixed rectified current from the 
harmonic mixer diode have been observed when a stub 
tuner in the line between the diode multiplier and the 
harmonic mixer was slightly varied. One may infer from 
this that, since the tuner will vary the relative intensity 
of harmonic components entering the harmonic mixer, 
this system is very sensitive to the relative intensity of 
even extremely low-level harmonic components. 


EXPERIMENTAL PROCEDURE 


A series of comparative runs was taken both with 
1989-me drive to the harmonic mixer and with the out- 
put of the parametric diode frequency multiplier driving 
the harmonic mixer. The amount of power from the 
maser signal generator was varied and the dec level of 
output voltage from the quadrature phase detector, Vq, 
was noted. The point at which lock-break occurred was 
also noted. In every case, an attempt was made to ob- 
tain optimum conditions of “sensitivity” as evidenced 
by maximizing V,. It was found that the IN26A was 
superior to the IN26 for the harmonic mixer diode. 
Runs*with three IN26A’s indicated a wide (approxi- 
mately 3 to 1) variation in the crystal current giving 
maximum V4. 

The power available to the harmonic mixer of the 
frequency divider from the maser signal generator was 
measured by monitoring the power output of the maser 
signal generator with a power bridge, tapping some off 
with a calibrated directional coupler, and then inserting 
calibrated microwave attenuators. In order to minimize 
the possibility of obtaining an erroneously high sensi- 
tivity figure because of high-level microwave leakage 
which bypasses the attenuators, readings were obtained 
by lowering the 30-mc drive into the last mixer of the 
maser signal generator. This reduced the amount of 
power at maser frequency which was generated. The 
new power level was measured with the power bridge, 
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and the microwave attenuation was reduced by the ap- 
propriate amount. The resulting V, agreed with the 
previous value within the error in reading the power 
bridge; this indicated that the leakage was negligible. 
Finally, the direct maser power output was measured by 
comparison with the output of the calibrated maser sig- 
nal generator by using V, as the indicator. At this rela- 
tively high drive, it was demonstrated by the technique 
described above that the error caused by leakage was 
negligible. 

In all subsequent runs the maser alone, with output 
level controlled by a calibrated attenuator, was used to 
drive the divider. 


CONCLUSION 


In Fig. 3, the curves marked (A) and (B) indicate V, vs 
attenuation of the maser alone for the frequency divider 
with 1989-mc drive and with the parametric diode mul- 
tiplier (3978-mc drive), respectively. These curves were 
based on a typical run. Curve (C), from a run in which 
the parametric diode multiplier was used, represents the 
best performance obtained. The abscissa, which is the 
attenuation in the maser output, is scaled to the square 
root of power. This scaling would normally give a 
straight-line response for a linear detector. Zero db at 
the right, which is the full maser output, corresponds to 
—73 dbm. Corresponding values of V, are obtained at 
11 db less maser power with the parametric diode mul- 

_tiplier than with 1989-mce drive. In the respective cases, 
the power for the harmonic mixer was 3.8 mw with the 
diode multiplier and 9.8 mw with the 1989-mc drive. 
The driving powers were obtained by calibrating the 
harmonic mixer crystal current at 1989 mc, and its 
second harmonic. Mixer crystal currents were approxi- 
mately 1 ma for both fundamental and second har- 
monics. These values gave the best V,. Lock-break 
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Fig. 3—Response of frequency divider to maser power input. Curve 
(A) is for 1989-mc drive to harmonic mixer as illustrated in Fig. 1. 
Curves (B) and (C) are for the case where the Hughes Type 2810 
parametric diode is used as a frequency multiplier to drive the 
harmonic mixer. (Arrows indicate value of maser attenuation at 
which the divider broke lock.) 


occurs at correspondingly lower maser power with the 
parametric diode multiplier. 

It should be noted that whereas the techniques dis- 
cussed in this paper have enhanced our ability to lock a 
low-frequency crystal oscillator (the VCO) to a high- 
frequency reference, conversely, the locking of a high- 
frequency oscillator to a low-frequency reference can 
also be enhanced. 
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PREFACE 


TNHIS bibliography is restricted to books and peri- 

Wes articles published prior to October, 1959. 

No attempt has been made to include the volumi- 

nous material to be found in technical reports, patents 
or similar sources. 

Although the greatest portion of the bibliography 
has to do with microwave devices, the references do in- 
clude some devices operating outside of the microwave 
frequency range, such as the optical, infrared and radio- 
frequency masers, and the parametrons. 

Appreciation is expressed to Drs. M. Arditi and T. B. 
Warren of ITT Laboratories for their assistance in re- 
viewing the categories into which the references were 
classified. 
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Te PARAMETRIC DEVICES AND Masers—REVIEW ARTICLES 


[1] Anderson, P. W. 
The reaction field and its use in some solid-state amplifiers. 
se of Applied Physics, 28(9): 1049-1053; September, 


Discussion of phenomena of the radiation reaction field and 
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how it may be used in two solid-state amplifiers (Bloem- 
bergen’s 3 energy-level type and Suhl’s ferromagnetic type). 
[2] Beam, R. E. and Brodwin, M. E. : 
Report of advances in microwave theory and techniques in 
U.S.A.—1958. 
IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 
NIQUES, MTT-7(3): 308-327; July, 1959. 
Includes a review of developments in masers and para- 
metric devices, and cites 55 references of the U. S. publica- 
tions in 1958. 
Damon, R. W. 
How the maser operates. Part J—Maser shows promise, some 
drawbacks. Part II—Maser’s potential rests on further work. 
Aviation Week, 67(7): 76, 77, 81, 82, 87, 88; August 19, 1957. 
67(8): 91, 92, 96, 99, 101, 104; August 26, 1957. 
An informative article about the operating principles of the 
new atomic amplifiers (masers and parametric) with some 
remarks about their potentialities and limitations. 
[4] Heffner, H. 
Masers and parametric amplifiers. 
1958 WESCON ConvENTION RECORD, (pt. 3): 3-8. 
Reviews principles of both types of devices, then evaluates 
the progress being made in their development and comments 
on their relative value. 
[5] Heffner, H. 
Masers and parametric amplifiers. 
Microwave Journal, 2(3): 33-40; March, 1959. 
Discusses the theory and operation of all types of masers 
and parametric devices. Operational performance figures 
are given for various experimental models. 
[6] Heffner, H. 
Solid state microwave amplifiers. 
IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, 
MTT-7(1): 83-91; January, 1959. 
Reviews the operation of both solid-state masers and para- 
metric amplifiers and their performance. Includes a bibliog- 
raphy of 121 items. 
{7] Holahan, J. 
Solid state microwave amps (amplifiers) promise milli-micro- 
watt reception. 
Aviation Age, 29(6): 140-149; June, 1958. 
A review of solid-state masers and parametric amplifiers. 


[3 


Say 


[8] Maguire, T. 
New microwave systems using low-noise devices. 
Electronics, 32(34): 27-30; August 21, 1959. 
Reviews the development of masers and parametric am- 
plifiers, particularly use of the latter in military communi- 
cations systems, as presented in papers at the PGMTT 
National Symposium held at Harvard University in 1959. 
Applications of tunable packaged masers are also reviewed. 
(9] Matthei, W. E. y 
Recent advances in solid state receivers. 
Microwave Journal, 2(1): 19-24; January, 1959. 
Reviews the state of the art regarding solid-state masers 
and the diode and ferrite types of parametric amplifiers. 
Limitations and applications are pointed out. 
{10] Mikaelian, A. L. 


The problem of development of ferrite microwave amplifiers 
(In Russian). 
prep ee ee t Elektronika, 3(11): 1323-1347; November, 
A general review of the theory and development of solid- 
state masers and parametric devices. 
[11] Parametrics and masers; questions and answers. 
Electronic Industries, 18(3): 238-240, 243; March, 1959. 
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Gives brief answers to basic questions about the operation 
and uses of such devices. 

[12] Rostas, E. and Hulster, F. 

Microwave amplification by means of intrinsic negative re- 

sistance. 

Proceedings of the Institution of Electrical Engineers, 105B 

(supplement 11): 665-673; May, 1958. 

Presents the theory of operation of microwave negative re- 
sistance amplifiers, including their bandwidth and noise 
factor. Points out their connection with parametric devices 
and masers. 

{13] Salzberg, B. 

Masers and reactance amplifiers—basic power relations. 

PROCEEDINGS OF THE IRE, 45(11): 1544-1545; November, 

1957. 

Presents an alternative simple and nonquantum mechanical 
derivation of the power relations developed by J. M. Man- 
ley and H. E. Rowe (see |144]). These relations are of impor- 
tance in connection with parametric amplifiers. 

[14] Some recent solid state device developments in the U.S.A. 
British Communications and Electronics, 6(7): 528-530; July, 
1959. 

A brief general review, including masers and parametric 
devices. 

[15] Stevens, K. W. H. 

Atomic and molecular generators—introduction. 

Proceedings of the Institution of Electrical Engineers, 105b 

(supplement 11): 674-677; May, 1958. 

Explains the principles of operation of both parametric de- 
vices and masers and then compares them. A discussion of 
terminology follows. 

LLG], oth? R. CG 
Toward improved missile communications. 

Astronautics, 2(1): 54-55, 112-113; August, 1957. 

Brief description of work being done by Bell Telephone 
Laboratories on ferromagnetic and maser amplifiers. Dis- 
cusses their advantages and disadvantages. 

[17] Von Hippel, A. R. 

Molecular Science and Molecular Engineering. 

John Wiley and Sons, Inc., New York, N. Y., 446 pp.; 1959. 
Includes a chapter, written by J. W. Meyer, on parametric 
amplifiers and masers. Reviews the theory of the devices, 
gives examples of typical operational parameters, and dis- 
cusses requirements for maser materials. 

[18] Wittke, J. P. 

New approaches to the amplification of microwaves; masers 

and the parametric amplifier. 

RCA Review, 18(4): 441-457; December, 1957. Also in Pro- 

ceedings of the National Electronics Conference, 13: 610-623; 

1957. 

Gives a description and discussion of basic principles of 
operation of the two types of molecular-microwave ampli- 
fiers—the maser and the parametric amplifier. 


II. PARAMETRIC DEVICES 
Review Articles 


[19] “Cathode Ray,” pseudonym. 
Mavars—another kind of quiet microwave amplifier. 
Wireless World, 65(5): 242-246; May, 1959. 
Reviews the basic principles of parametric amplifiers, using 
simple electrical and mechanical analogs to explain their 
operation. Recent developments are reviewed. 
[20] Weber, S. 
The MAVAR: a low noise microwave amplifier. 
Electronics, 31(39): 65-71; September 20, 1958. 
Recent developments have resulted in three major types of 
mavar—the ferromagnetic, the variable capacitance, and 
the electron beam. Descriptions, characteristics, etc., are 
included for all three types. 


_ Electron Tube Types 
[21] Adler, R., Hrbek, G., and Wade, G. 


A low-noise electron-beam parametric amplifier. 

PROCEEDINGS OF THE IRE, 46(10): 1756-1757; October, 1958. 
Reports results of further experimentation on electron tubes 
using fast-wave parametric amplification by means of a new 
electrode structure, operating in the 500-mc range. 
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[22] Adler, R. 

Parametric amplification of the fast electron wave. 

PROCEEDINGS OF THE IRE, 46(6): 1300-1301; June, 1958. 
Results of an experiment using parametric amplification 
between two fast-wave beam coupling devices. 

Ashkin, A., Bridges, T. J., Louisell, W. H., and Quate, C. F. 

Parametric amplification of space-charge waves. 

Proceedings of the Institution of Electrical Engineers, 105B 

(supplement 11): 649-651; May, 1958. 
Describes an amplifier using an electron beam passing 
through a cavity to implement a traveling-wave parametric 
amplifier. It provides a method of amplifying the fast space- 
charge wave rather than the slow space-charge wave. 

[24] Ashkin, A. : 

Parametric amplification of space charge waves. 

Journal of Applied Physics, 29(12): 1646-1651; December, 

1958. 

Describes the operation of a movable cavity-type device. 
With the pump frequency twice the signal frequency, an 
increase of 41 db was observed in the signal over a ten-inch 
length of beam. With the pump frequency lower than the 
signal frequency, an increase of the signal by 30 db over a 
9.2-inch length of beam was observed. 

[25] Ashkin, A., Bridges, T. J., Louisell, W. H., and Quate, C. F. 

Parametric electron beam amplifier. 

1958 IRE WESCON ConveENTION REcoRD, (pt. 3)13-22. 
Describes the theory and operation of both regenerative 
type (resonant cavity) and traveling-wave type devices. Ex- 
perimental results are reported. Gains up to 20 db were 
achieved with the first type and up to 30 db with the second 
type. 

[26] Bridges, T. J. 

A parametric electron beam amplifier. 

PROCEEDINGS OF THE IRE, 46(2): 494-495; February, 1958. 
An amplifier using an electron beam instead of the ferrites, 
as proposed by H. Suhl (see [52]), has been built and some 
experimental results are reported. 

{27] Buchmiller, L. D. and Wade, G. 

Pumping to extend traveling-wave-tube frequency range. 

PROCEEDINGS OF THE IRE, 46(7): 1420-1421; July, 1958. 
Points out that the effects noted following the pumping 
with a high-level signal the frequency range of a commer- 
cially available traveling-wave tube may be due, at least in 
part, to the parametric effects available in beams, or it may 
be due to mixing effects associated with electron beams. 

[28] Clavier, P. A. 

Parametric and pseudo-parametric amplifiers. 

PROCEEDINGS OF THE IRE, 47(9): 1651; September, 1959. 
Develops the theory for a proposed parametric amplifier 
which would use the transverse oscillations of an electron 
beam in a time-varied potential-well transverse to the di- 
rection of flow. There would be an input and output cou- 
pler separated by an interaction. The author declares that the 
“low-noise electron-beam parametric amplifier” of Adler, 
Hrbek, and Wade (see [21]) should not be considered a para- 
metric device. 

[29] Cook, J. S. and Louisell, W. H. 

Fast longitudinal space charge wave parametric amplifiers. 

1959 IRE WESCON ConveENTION RECORD, (pt. 3): 77-85. 
First discusses the theory of “active” and “passive” coupling 
of propagating waves, introducing an “effective coupling” 
parameter. Principles of traveling-wave parametric ampli- 
fication are next discussed, followed by a review of problems 
of fast space charge wave amplifiers and possible solutions. 

[30] Electron-beam parametric amplifier. 

Wireless World, 64(11): 555-556; November, 1958. 

A brief reference to the Zenith Radio Corporation’s device. 
[31] Fast-wave parametric amplifier. 

Electrical Engineering, 77(11): 1071-1072; November, 1958. 
Gives a brief description of the operating characteristics of 
Zenith Radio Corporation’s vacuum-tube type parametric 
amplifier. It has a noise figure of about 1 db and a gain up 
to 30 db. 

[32] Gould, R. W. ; 

Traveling-wave couplers for longitudinal beam-type ampli- 


fers. 
PROCEEDINGS OF THE IRE, 47(3): 419-426; March, 1959. 
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[33] 


[34] 


[35] 
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[37] 


[38] 
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Formulates the expressions governing traveling-wave inter- 
action between an electron beam and a slow-wave circuit. 
The equations are solved in terms of the mode amplitudes 
at the output of the traveling-wave coupler and the mode 
amplitudes at the input. The results are then applied to the 
design of fast space-charge wave couplers for longitudinal 
beam type parametric amplifiers. 

Valen Veils Je 

The kinetic power theorem for parametric, longitudinal, elec- 

tron-beam amplifiers. 

IRE TRANSACTIONS ON ELECTRON Devices, ED-5(4): 225- 

232; October, 1958. 

Develops a generalization of Chu’s power theorem, for ex- 
ploring the limitations on noise performance in such para- 
metric amplifiers. No obstacles appear theoretically to pre- 
vent such devices from achieving the ultimate in noise per- 
formance. 

Louisell, W. H. and Quate, C. F. 

Parametric amplification of space charge waves. 

PROCEEDINGS OF THE IRE, 46(4): 707-716; April, 1958. (Bell 

Monograph 3069.) 

Description of a “distributed” parametric amplifier using an 
electron beam and CW source oscillating at twice the signal 
frequency for power. Discusses both the fast space charge 
wave and the slow space charge wave. 

Louisell, W. H. 

A three-frequency electron-beam parametric amplifier and 

frequency converter. 

Journal of Electronics and Control, 6(1): 1-25; January, 1959. 
Gives conditions for occurrence of a current modulation 
threshold which must be exceeded to produce growing 
waves. The Manley-Rowe relations are verified for the 
parametric beam, and the gain per unit length is found. Ex- 
pressions are found for the propagation constants and for 
boundary conditions. 

Someya, I. 

Report of advances in microwave theory and techniques in 

Japan—1958. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

NIQUES, MTT-7(3): 331; July, 1959. 

Includes one Japanese reference to a parametric amplifier 
using an electron beam. 

Wade, G. and Heffner, H. 

Gain, bandwidth and noise in a cavity type parametric am- 

plifier using an electron beam. 

Journal of Electronics and Control, 5(6): 497-509; December, 

1958. 

Shows that in practice it is almost impossible to cancel com- 
pletely and simultaneously the two uncorrelated noise 
sources in the electron beam. The requirements for a large 
beam current and large plasma wavelength lead to mini- 
mum noise figures around 3 db. An actual example is worked 
out in which the gain is about 15 db and the bandwidth 43 
ke. 

Wade, G. and Adler, R. 

A new method for pumping a fast space-charge wave. 

PROCEEDINGS OF THE IRE, 47(1): 79-80; January, 1959. 

Uses the analogy of a pendulum under the influence of a 
time-varying force field to illustrate the principle of pump- 
ing a fast space-charge wave in an electron beam, in para- 
metric amplification. 


Ferrite Types 


[39] 


[40] 


[41] 


Amplifier for radio astronomy. 

Engineering, 184(4766): 59; July 12, 1957. 

A brief description of the Bell Telephone Laboratories ferro- 
magnetic amplifier. 

Berk, A. D., Kleinman, L., and Nelson, C. E. 

Modified semi-static ferrite amplifier. 

1958 IRE WESCON Convention REcorD, (pt. 3); 9-12. 
Describes an operation in which the uniform precession is 
used as the idling magnetostatic mode. This is compared 
with a conventional semistatic operation. The theory is 
checked by an experimental model, and gain was observed 
in excess of 60 db. 

Ferrite microwave amplifier developed. 

Electronics, 31(8): 32-33; February 21, 1958. 
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Brief description of the Bell Telephone Laboratories solid- 
state microwave amplifier. 

Haun, R. D. and Osial, T. A. 

Gain measurements on a pulsed ferromagnetic microwave 

amplifier. 

PROCEEDINGS OF THE IRE, 47(4): 586-587; April, 1959. 
Amplifier has a flattened coaxial resonant line in a rectangu- 
lar cavity, using polycrystalline yttrium iron garnet. A 
chart shows power gain as a function of pump power. 

Hogan, C. L., Jepsen, R. L., and Vartanian, P. H. 

New type of ferromagnetic amplifier, 

Journal of Applied Physics, 29(3): 422-423; March, 1958. 

(Presented at Conference on Magnetism and Magnetic Ma- 

terials, held November 18-21, 1957, at Washington, D. C.) 
Simple physical explanation of the device proposed by H. 
Suhl. (See [52].) 

Microwave device is ferromagnetic. 

Electronics, 30(7B): 26; July 20, 1957. 

Brief news item of experimental ferromagnetic amplifier 
being worked on at the Bell Telephone Laboratories. 

Nikolsky, V. V. 

On the theory of a microwave ferrite amplifier (In Russian). 

Radiotekhnika i Elektronika, 4(4): 726-728; April, 1959. 

A theoretical study of the principles of a parametric ampli- 
fier of this type. 

Poole, K. M. and Tien, P. K. 

A ferromagnetic resonance frequency converter. 

PROCEEDINGS OF THE IRE, 46(7): 1387-1396; July, 1958. 
Based on the amplifier/oscillator proposal of Suhl, the 
paper discusses a frequency converter which uses a ferro- 
magnetic material in a cavity which supports three resonant 
modes. Theory and experimental results were found to agree 
rather closely. 

Poole, K. M. and Tien, P. K. 

Measurements on active microwave ferrite devices. 

1957 IRE WESCON ConvVENTION RECcorRD, (pt. 3): 170-174. 
To provide a check on the theory of microwave amplifica- 
tion or oscillation in a ferromagnetic resonance system as 
proposed by H. Suhl, a sample version has been constructed 
and operated with resulting agreement between experiment 
and theory. 

Solid state gains new amplifier. 

Electronics, 30(8): 24, 26; August 1, 1957. Also in Bell Labora- 

tories Record, 35(8): 316-317; August, 1957. 

News item about successful operation of a ferromagnetic 
amplifier in microwave range by Bell Telephone Labora- 
tories. 

Solid-state maser amplifier uses ferrites. 

Journal of the Franklin Institute, 264(3): 260-261; September, 

1957. 

A brief description of the work being done at the Bell Tele- 
phone Laboratories on ferromagnetic amplifiers. 

Suhl, H. 

Ferromagnetic microwave amplifier. 

Physics Today, 11(9): 28-30; September, 1958. 

Briefly reviews maser-type devices, then gives basic theory 
for a ferrite-type parametric amplifier. Also cites related 
work in this field. 

Suhl, H. 

Origin and use of instabilities in ferromagnetic resonance. 

Journal of Applied Physics, 29(3): 416-421; March, 1958. 
Presents basic theory of the behavior of ferromagnetic ma- 
terials with application to ferromagnetic amplifiers. 

Suhl, H. 

Proposal for a ferromagnetic amplifier in the microwave range. 

Physical Review, 106(2): 384-385; April 15, 1957. 

Discusses three alternative types of operation (magneto- 
static, semistatic, and electromagnetic modes) which may 
be used in the design of a microwave amplifier. In general, 
it relies on the modulation of the real part of a susceptibil- 
ity, rather than on the maser principle of altering normal 
populations of two levels. 

Suhl, H. 

Quantum analog of the ferromagnetic microwave amplifier. 

Journal of the Physics and Chemistry of Solids, 4(4): 278-282; 

1958. (Bell Monograph 2970.) 


1960 


[54] 


[SS 


= 


[56] 


[57] 


[S8] 


Mount and Begg: Parametric Devices and Masers: An Annotated Bibliography 


A quantum mechanical model of a ferromagnetic micrcwave 
amplifier has been built to compare modes of operation with 
a three-level maser. It is found that in a three-level maser it 
is essential to have a negative temperature for two levels 
while the analog of the ferromagnetic amplifier depends only 
on the time-varying part of the density matrix. 
Suhl, H. 
Theory of a ferromagnetic microwave amplifier. 
Journal of Applied Physics, 28(11): 1225-1236; November, 
1957. (Bell Monograph 2926.) 
Gives a survey of 3 possible types of operation (electromag- 
netic, semistatic, and magnetostatic) with general theory 
included. The three types of operation are also defined as: 
two electromagnetic cavity modes, two sample modes, and 
lastly, one sample and one cavity mode. An appendix dis- 
cusses the gain-bandwidth problem. 
Tien, P. K. and Suhl, H. 
A traveling-wave ferromagnetic amplifier. 
PROCEEDINGS OF THE IRE, 46(4): 700-706; April, 1958. (Bell 
Monograph 3043.) 
A proposal for a traveling-wave amplifier consisting of two 
transmission lines embedded in a ferromagnetic medium. 
Weiss, M. T. 
Solid-state microwave amplifier and oscillator using ferrite. 
Journal of Applied Physics, 29(3): 421; March, 1958. (Pre- 
sented at Conference on Magnetism and Magnetic Materials, 
held November 18-21, 1957, in Washington, D. C.) 
Brief item on a device built and operated at Bell Telephone 
Laboratories called the MAVAR (modulating amplifiers, 
by variable reactance). 
Weiss, M. T. 
Solid-state microwave amplifier and oscillator using ferrites. 
Physical Review, 107(1): 317; July 1, 1957. 
A device based on the proposal of H. Suhl (see [52]) has 
been built and operated. Results of these experiments are 
given. 
Whirry, W. L. and Wang, F. B. 
Phase dependence of a ferromagnetic microwave amplifier. 
PROCEEDINGS OF THE IRE, 46(9): 1657-1658; September, 
1958. 
Experimental results using a polycrystalline yttrium garnet 
in a parametric amplifier are described. Photographs show 
oscilloscope traces of the phase relationship of output pulses, 
signal input and pump input. 
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Bell, C. V. and Wade, G. 

Circuit considerations in traveling-wave parametric amplifiers. 

1959 IRE WESCON ConvENTION RECORD, (pt. 2): 75-82. 
Discusses the circuits appropriate to the wideband opera- 
tion of a diode-type traveling-wave amplifier. Presents a 
Brillouin diagram which allows the computation of condi- 
tions for high gain, wideband operation and other charac- 
teristics. 

Bloom, S. and Chang, K. K. N. 

Parametric amplification using low-frequency pumping. 

Journal of Applied Physics, 29(3): 594; March, 1958. 
Conventional parametric amplifiers use one-pump system, 
This discusses an amplifier using lower-frequency pumping 
in which two pumping sources are used. 

Bossard, B. B. 

Superregenerative reactance amplifier. 

PROCEEDINGS OF THE IRE, 47(7): 1269-1271; July, 1959. 
A diode-type parametric amplifier having superregeneration 
is described. Because of the constant threshold value of the 
oscillations, this type of amplifier could be used as a thresh- 
old device or as a limiter. 

Brand, F. A., Matthei, W. K., and Saad, T. 

The Reactatron—a low-noise semiconductor diode, micro- 

wave amplifier. 

PROCEEDINGS OF THE IRE, 47(1): 42-44; January, 1959. 
Uses only semiconductor diodes for its nonlinear reactance. 
The two p-n junction diodes are in a balanced hybrid sys- 
tem. At a frequency of 2900 mc, power gains in excess of 30 
db have been observed, with effective input noise temper- 
atures less than 290°K. i 

Breitzer, D. I. and Sard, E. W. 
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Low frequency prototype backward-wave reactance amplifier. 

Microwave Journal, 2(8): 34-37; August, 1959. 

Presents the theory and experimental results of amplifiers of 
this type which use matched pairs of diodes. Numerous 
parameters are described. 

Chang, K. K.N. 

Analysis of a four-terminal parametric amplifier. 

RCA Review, 20(2): 205-221; June, 1959. 

Describes an amplifier having three cascaded stages—a con- 
verter, an amplifier, and a modulator—using germanium 
junction diodes. It can be operated at linear gains as high as 
30 db, with sensitivity at such gains of 120 dbm or better. 

Chang, K. K. N. 

Four-terminal parametric amplifier. 

PROCEEDINGS OF THE IRE, 47(1): 81-82; January, 1959. 

The amplifier uses a lower-frequency pump and has three 
cascaded stages. It can be operated at linear gains as high as 
30 db, with a sensitivity of 120 dbm or better. Noise factors 
at these gains are around 2.5 db. Germanium junction diodes 
are used. 

Chang, K. K. N. 

Harmonic generation with nonlinear reactances. 

RCA Review, 19(3): 455-464; September, 1958. 

Following the derivation of the theory of frequency multi- 
plication using nonlinear reactances, results of an experi- 
ment using a germanium point-contact diode are given. At 
high input power levels the efficiency drops below the theo- 
retical value. 

Chang, K. K. N. and Bloom, S. 

A parametric amplifier using lower-frequency pumping. 

1958 IRE WESCON Convention REcorRD, (pt. 3): 23-27. 
Experimental work using a special zero-biased semicon- 
ductor diode is reported. Two cases are described; one with 
a signal frequency of 380 mc and a pumping frequency of 
300 mc, and the other with a signal frequency of 6.6 kmc 
and a pump frequency of 4 kmc. 

DeLoach, C. B. and Sharpless, W. M. 

An X-band parametric amplifier. 

PROCEEDINGS OF THE IRE, 47(9): 1664; September, 1959. 
Describes the construction and operation of an amplifier us- 
ing special point-contact gallium arsenide diodes. It pro- 
duced a gain of 10 db with a 75-mc bandwidth with 100 mw 
of pump power. 

Diodes for parametric amplifiers. 

Electronic Industries, 18(3): 105, 270; March, 1959. 

Reports on the operating characteristic of diodes produced 
by Hughes Aircraft Co. One type operates below 1000 mc 
and the other type is for the microwave region. Noise tem- 
peratures, cutoff frequencies, gain and bandwidth are de- 
scribed. 

Endler, H., Berk, A. D., and Whirry, W. L. 

Relaxation phenomena in diode parametric amplifiers. 

PROCEEDINGS OF THE IRE, 47(8): 1375-1376; August, 1959. 
Presents a theory to explain relaxation oscillations observed 
in S-, C-, and X-band parametric amplifiers using CW pump 
sources and no other signal inputs. 

Englebrecht, R. S. 

A low-noise nonlinear reactance traveling wave amplifier. 

PROCEEDINGS OF THE IRE, 46(9): 1655; September, 1958. 
Gives operating characteristics of an experimental UHF 
amplifier which uses four diffused-junction silicon diodes 
having low resistive loss. The noise figure is 3.5 db and the 
bandwidth 10-20 me. 

Greene, J. C. and Lombardo, P. P. 

Low noise 400-mc reactance amplifiers. 

Microwave Journal, 2(5): 28-31; May, 1959. 

Gives construction details of three types of parametric am- 
plifiers or for three modes of operation; namely, sum-fre- 
quency mode, two-port difference-frequency mode, and one- 
port difference-frequency mode. Varactor diodes developed 
by Bell Telephone Laboratories are used. 

Heffner, H. and Kotzebue, K. 

Experimental characteristics of a microwave parametric am- 

plifier using a semiconductor diode. 

PROCEEDINGS OF THE IRE, 46(6): 1301; June, 1958. 

A report on the characteristics of a microwave parametric 
amplifier using a back-biased germanium junction diode. 
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Heffner, H. and Wade, G. 

Gain, bandwidth, and noise characteristics of a variable-pa- 

rameter amplifier. 

Journal of Applied Physics, 29(9): 1321-1331; September, 

1958. 

Discusses the principles of parametric amplifiers, using the 
two-tank circuit as a model in the analysis. The case of the 
two-tank circuit for frequency conversion is also included. 
Noise figures and bandwidth are emphasized throughout. 
Essentially a revised version of Stanford University Elec- 
tron Tube Laboratories Technical Report No. 28. 

Heffner, H. and Wade, G. 

Minimum noise figure of a parametric amplifier. 

Journal of Applied Physics, 29(8): 1262; August, 1958. 

Gives a noise figure expression suitable for solid-state para- 
metric amplifiers and contrasts it to the expression for beam 
types where shot-noise terms are important. The minimum 
noise figure is found to approach the ratio of the pumping 
frequency to the idling frequency. 

Heilmeier, G. H. 

An analysis of parametric amplification in periodically loaded 

transmission lines. 

RCA Review, 20(3): 442-454; September, 1959. 

Gives the theory of traveling-wave parametric amplifiers. 
A lossless transmission line periodically loaded with non- 
linear capacitance (back-biased semiconductor diodes) is the 
propagating structure. The gain is shown to be a function 
of the spacing and static capacitance of diodes, frequencies 
of operation, and impedance of the unloaded line. 

Herrmann, G. F., Uenohara, M., and Uhlir, A., Jr. 

Noise figure measurements on two types of variable reactance 

amplifiers using semiconductor diodes. 

PROCEEDINGS OF THE IRE, 46(6): 1301-1303; June, 1958. 
Results of experiments on low noise amplification at UHF 
and microwave frequencies by p- junction diodes. 

Hilibrand, J. and Beam, W. R. 

Semiconductor diodes in parametric subharmonic oscillators. 

RCA Review, 20(2): 229-253; June, 1959. 

Discusses factors affecting the performance of diodes in such 
oscillators, including effects of stray capacitance, spreading 
resistance, junction conductance, and capacitance-voltage 
sensitivity. Minimum rise times and minimum quality fac- 
tors are stated. 

Jones, E. M. T. and Honda, J.S. 

A low noise up-converter parametric amplifier. 

1959 IRE WESCON CoNVENTION RECORD, (pt. 1): 99-107. 
After discussing the relation of gain and noise figures to the 
diode loss, available capacitance variation and generator 
and load terminations, the paper describes the construction 
of an experimental up-converter which uses a back-biased 
diffused-junction diode. Gains ranged from 12.4 to about 
20 db, with noise figures of about 1.0 db. 

Kibler, L. U. 

Directional bridge parametric amplifier. 

PROCEEDINGS OF THE IRE, 47(4): 583-584; April, 1959. 

Gives expressions for the noise figure of a bridge using var- 
actor diodes, Gains up to 25 db were obtained at 530 mc, 
with the pump frequency 1060 me. The average of the noise 
figures was 3.8 db when operating with a 10-db gain and a 
bandwidth of about 0.6 mc. The device can also be used as 
a tunable amplifier. 

[SGwini, (C'S 

Four-terminal equivalent circuits of parametric diodes. 

1959 IRE WESCON Convention REcorp, (pt. 2): 91-101. 
Derives expressions for four-terminal equivalent circuits, 
including three frequencies, for converters and for amplifi- 
ers. These circuits may be used to obtain expressions for 
gain, bandwidth, and noise figure. 

Knechtli, R. C. and Weglein, R. D. 

Low noise parametric amplifier. 

PROCEEDINGS OF THE IRE, 47(4): 584-585; April, 1959. 
Describes operation of an amplifier using gold-bonded 
diodes. By cooling with liquid nitrogen the minimum am- 
plifier noise temperature was reduced to 50° K. Operation 
was in the S band. 
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Bell System Technical Journal, 37(pt. 4): 989-1008; July, 1958. 
Discusses the theory of the performance of a p-n junction 
nonlinear-capacitance diode used as a low-noise amplifying 
frequency converter in a case in which the output-signal 
frequency is many times larger than the frequency of the in- 
put signal. Gives formulas for maximum gain and for noise 
figures. 

Lombardo, P. P. and Sard, E. W. 

Low-frequency prototype traveling-wave reactance amplifier. 

PROCEEDINGS OF THE IRE, 47(5): 995-996; May, 1959. 

A junction-diode type amplifier, using commercial diodes, is 
described and experimental results are given. Frequency 
responses, power gains and noise are among points covered. 

Lombardo, P. P. and Sard, E. W. 

Low noise microwave reactance amplifiers with large gain- 

bandwidth products. 

1959 IRE WESCON ConvVENTION RECORD, (pt. 1): 83-98. 
Describes the operation of several low-frequency devices 
using silicon diodes, including amplifiers, up-converters, 
and demodulators. Both one-part and two-part operation 
are considered. 

Low-noise amplifier for high frequencies uses new semi-con- 

ductor diodes. 

Bell Laboratories Record, 36(7): 250-251; July, 1958. 
Experimental devices, one of a family of parametric ampli- 
fiers being developed by Bell Telephone Laboratories, shows 
great promise and improvement over many types of micro- 
wave receivers. It has low noise, greater bandwidth, and 
operates at ordinary temperatures. 

Low-noise amplifier using semiconductor diodes. 

Electronics and Radio Engineer, 35(7): 267; July, 1958. Also in 

Journal of the Franklin Institute, 266(2): 151-152; August, 

1958. 

Brief description of features of the Bell Telephone Labora- 
tories’ parametric amplifiers, including a traveling-wave 
amplifier configuration which uses arrays of several diodes 
and has a bandwidth of 100 mc at a 400-mce signal frequency 
and a pump frequency of 900 mc. 

Microwave amplifiers may improve radar. 

Machine Design, 30(12): 14; June 12, 1958. 

Brief descripiton of a germanium diode type parametric 
amplifier developed by RCA Laboratories. It has been 
tested in the UHF and 6000-mce regions. 

Nergaard, L. S. 

Nonlinear-capacitance amplifiers. 

RCA Review, 20(1): 3-17; March, 1959. 

After briefly reviewing the development of parametric am- 
plifiers, the paper discusses gain mechanism in nonlinear 
capacitance, diode capacitor amplifiers, and performance 
characteristics of various types. 

Oguchi, B., Kita, S., Inage, N., and Okajima, T. 

Microwave parametric amplifier by means of germanium diode. 

PROCEEDINGS OF THE IRE, 47(1): 77-78; January, 1959. 
Describes operation of two types of diodes—one, a gold- 
bonded type, and the other, a silver-bonded type, the latter 
proving to be superior. A gain of 15-20 db is obtained when 
the pump frequency is 8100 mc, and a bandwidth of 15-25 
mc is observed. 

Olson, F. A., Wang, C. P., and Wade, G. 

Parametric devices tested for phase-distortionless limiting. 

PROCEEDINGS OF THE IRE, 47(4): 587-588; April, 1959. 

Gives results of tests on two diode-type parametric devices, 
one being an amplifier and the other a frequency converter. 
Expressions are given to describe the operation of each. 

Parametric amplifier ups scatter range. 

Electronics, 31(45): 96; November 7, 1958. 

Brief description of a diode-type parametric amplifier de- 
veloped by ITT Laboratories for use in a 90-mile scatter 
propagation link. The range is expected to be extended to 
more than 350 miles under favorable conditions. 

Petrack, P. 

Predicts boom for new diode. 

Electronics, 32(15): 26; April 10, 1959. 

Predicts the sales potential for parametric amplifier diodes, 
as seen by ITT Components Division managers. The price 
outlook by 1962 for such diodes is also given. 
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Pittman, W. C. 

A parametric amplifier in space-probe tracking. 

Astronautics, 4(8): 40, 44; August, 1959. 

Gives design and operational characteristics of a silicon- 
diode-type parametric amplifier developed by ITT Labor- 
atories for use in the Army Ballistic Missile Agency track- 
ing station. It allowed tracking of the Pioneer IV satellite to 
a distance of 200,000 miles on radiated power of 180 mw. It 
had a noise figure of about 1 db compared to 7.5 db for elec- 
tron-tube amplifiers. 

Reed, E. D. 

The variable capacitance parametric amplifier. 

IRE TRANSACTIONS ON ELECTRON Devices, ED-6(2): 216- 

224; April, 1959. 

Reviews operation of diode-type devices, and compares 
noise performance with vacuum-type amplifiers. Written 
for the nonspecialist. 

Salzberg, B. and Sard, E. W. 

Low-noise wide-band reactance amplifier. 

PROCEEDINGS OF THE IRE, 46(6): 1303; June, 1958. 

Summary of a study of a reactance amplifier operated in a 
sum-frequency mode indicating that very-low effective in- 
put-noise temperatures are possible. 

Seidel, H. and Herrmann, G. E. 

Circuit aspects of parametric amplifiers. 

1959 IRE WESCON ConveENTION RECORD, (pt. 2): 83-90. 
Discusses two cases. In the first, there is only the signal fre- 
quency and a lower sideband, as in a lower-sideband ampli- 
fier. The second case considers a periodic cascade in which 
the pump phase varies uniformly. 

Sie, J. and Weisbaum, S. 

Noise figure of receiver systems using parametric amplifiers. 

1959 IRE NaTIoNAL CONVENTION RECORD, (pt. 3): 141-157. 
Shows that a parametric amplifier used in one of the follow- 
ing three systems can have an over-all-system noise figure of 
1 db: 1) circulator couplet (needs only one amplifier); 2) 
hybrid couplet (needs two amplifiers, no frequency limita- 
tion); 3) up-converter (no frequency limitation). 

Siegman, A. E. 

Phase-distortion loss limiting by a parametric method. 

PROCEEDINGS OF THE IRE, 47(3): 447-448; March, 1959. 
Presents the theory of using parametric amplifiers as limit- 
ers, with limiting taking place at the threshold point. 

Shunaman, F. 

The variable reactance amplifier. 

Radio Electronics, 30(2): Cover, 78-80, 82; February, 1959. 
Describes in simplified terms the operation of parametric 
amplifiers of the diode type. Illustrates an amplifier, devel- 
oped by ITT Laboratories, designed to operate at 900 me. 

Sterzer, F. 

Microwave parametric subharmonic oscillators for digital 

computing. 

PROCEEDINGS OF THE IRE, 47(8): 1317-1324; August, 1959. 
Describes a variable-capacitance diode-type subharmonic 
oscillator having an output frequency of 2000 mc. Pulse-re- 
petition rates of a few hundred megacycles are possible. 
Applications are discussed for amplifying, scaling and logic 
functions. 

Stevens, K. W. H. 

Circuit analogues of Suhl-type masers. 

Journal of Electronics and Control, 4(3): 275-279; March, 1958. 
Discusses the theory of operation of two tuned circuits, 
which use the varying of inductances with time, thereby 
obtaining amplification under certain conditions. Provides 
a basis for the theory of parametric amplifiers. 

Torrey, H. C. and Whitmer, C. A. 

Crystal Rectifiers. 

McGraw-Hill Book Co., Inc., New York, N. Y., 443 pp.; 

1948. (M.I.T. Radiation Lab. Series, vol. 15). 

Develops the theory of reactance-variation amplification in 
a form similar to recent theory, and applies the theory to 
explain their observations of negative conductances in crys- 
tal-diode mixers. 

Uhlir, A., Jr. 

Junction diode amplifiers. 

Scientific American, 200(6): 118-120, 123, 124, 126, 127, 129; 

June, 1959. : 
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Describes the basic principles of parametric diode-type de- 
vices, with particular emphasis on the theory and functions 
of diodes. Recent experimental work is summarized and fu- 
ture applications are mentioned. 

WhlireAy ir 

Junction diodes in microwave circuits. 

Proceedings of the Institution of Electrical Engineers, 105B 

(Supplement 11): 661, 672, 673; May, 1958. 

Gives only an abstract. States conditions under which di- 
odes can serve as amplifiers, as well as giving suitable diode 
materials. 

Uhlir, A., Jr. 

The potential of semiconductor diodes in high-frequency com- 

munications. 

PROCEEDINGS OF THE IRE, 46(6): 1099-1115; June, 1958. 
Describes the function of solid-state diodes in parametric 
amplifiers and nonlinear frequency converters, as well as 
related uses. Design data are included with basic theory. 

Op aubro, Wat) Ibe. 

Shot noise in p-7 junction frequency converters. 

Bell System Technical Journal, 37(4): 951-988; July, 1958. 
Suggests structures for approaching the ideal of theoreti- 
cally noiseless amplification possible with a p-m junction, hay- 
ing a purely capacitive nonlinear admittance. Experiments 
with a diffused silicon junction diode are reported. Discusses 
the low-noise frequency conversion possible with a nonlinear 
resistance diode used in conjunction with pulsed local- 
oscillator currents. 

Van der Ziel, A. 

On the mixing properties of nonlinear capacitances. 

Journal of Applied Physics, 19(11): 999-1006; November, 

1948. 

Concludes that a variable-reactance amplifier should ex- 
hibit very low noise, because of the absence, ideally, of 
Nyquist-Johnson noise. 

Wade, G. and Heffner, H. 

Microwave parametric amplifiers and converters. 

Proceedings of the Institution of Electrical Engineers, 105B 

(supplement 11): 667-679; May, 1958. 

Develops expressions for the noise figures and bandwidth for 
parametric devices. 

Warren, T. B. 

Low-noise parametric amplifiers and converters. 

1959 IRE NaTIoNAL CONVENTION RECORD, (pt. 3): 158. 
Compares experimental results with theoretical values for 
various types of variable-capacitance devices as to noise 
figures, stability and bandwidth, in the 500 to 2000-mc 
range. Other topics are: fabrication of diffused junction sili- 
con diodes, a system designed to minimize effects of input 
loading variations, and a stable low-frequency source which 
produces high-frequency local oscillator power. 

Younger, J. J., Little, A. G., Heffner, H., and Wade, G. 

Parametric amplifiers as superregenerative detectors. 

PROCEEDINGS OF THE IRE, 47(7): 1271-1272; July, 1959. 
Discusses the superregenerative operation of cavity-type 
parametric amplifiers which use semiconductor diodes. Dis- 
cusses some of the effects which play a part in the self- 
quenching process. 

Younger, J. J., Little, A. G., Heffner, H., and Wade, G. 

Superregenerative operation of parametric amplifiers. 

1959 IRE WESCON ConvenTION REcorD, (pt..1): 108-111. 
Reports on the operation of several diode type cavity am- 
plifiers as both self-quenched and separately-quenched 
superregenerative devices. In self-quenched superregen- 
erative operation, gains as high as 87 db were observed, 
compared to 20 db under normal operation. Greatly in- 
creased bandwidths and stability were observed without 
sacrifice in noise figures. 
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Fukui, K., Unose, K., Habara, K., and Kato, M. 
Multi-apertured parametrons (In Japanese). 
Journal of the Institute of Electrical Communication Engineers 
of Japan, 41(2): 147-151; February, 1958. 
In order to avoid the construction difficulties involved in 
the small cores used in conventional parametrons, multi- 
apertured parametrons have been developed having good 
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operating characteristics and greater ease of manufacture. 
Design details are given. 

Goto, E. 

On the application of parametrically excited nonlinear reso- 

nators (In Japanese). 

Journal of the Institute of Electrical Communication Engineers 

of Japan, 38(10): 770-775; October, 1955. 

Shows that oscillations of such resonators can be expressed 
by a modified form of Mathieu’s equation, with a term in- 
cluded to take care of nonlinearity. If parametric excitation 
is interrupted properly, the reservators are capable of stor- 
ing binary information with the binary state controlled by 
means of small signals. 

Goto, E. 

The parametron, a digital computing element which utilizes 

parametric oscillation. 

PROCEEDINGS OF THE IRE, 47(8): 1304-1316; August, 1959. 
This element consists of a resonant circuit having a non- 
linear reactive element (ferrite-core coils) oscillating at one- 
half the driving frequency. The choice of two stationary 
phases, x radians apart, is used to represent a binary digit. 
Circuit design and applications are discussed. 

Hanawa, K. and Kusunoki, K. 

Signal converter by magnetic cores for parametron-device (In 

English). 

Electrical Communication Laboratory Reports, Nippon Tele- 

graph & Telephone Public Corporation, 7(2): 25-31; February, 

1959. 

Discusses core construction and design. Describes a method 
of converting signals such as from telephone subscribers’ 
lines to parametron signals, using the cores in a matrix 
arrangement. 

Kamata, K. and Sasaki, F. 

Parametron and punched card recorder for standard meson 

monitor. 

Journal of the Scientific Research Institute of Japan, 51: 54; 

1957. 

Abstract unavailable. 

Muroga, S. 

Elementary principle of parametron and its application to 

digital computers. 

Research and Engineering, the Magazine of Datamation, 4(5): 

31-34; September—October, 1958. 

After reviewing the basic principles of parametrons, the use 
of such devices in a program-stored binary computer, hav- 
ing fixed point in a parallel system, is discussed. Speed of 
operation is almost comparable to electron tube types, and 
maintenance time is negligible, 

Muroga, S. and Takasima, K. 

System and logical design of the parametron computer 

MUSASINO-1 (In Japanese). 

Journal of the Institute of Electrical Communication Engineers 

of Japan, 41(11): 1132; November, 1958. 

Abstract not available. 

Nakagome, Y., Kamibayashi, T., and Wada, T. 

Parametron Morse to five-unit converter (In Japanese). 

Journal of the Institute of Electrical Communication Engineers 

of Japan, 40(9): 974-980; September, 1957. 

Parametrons are used in this automatic code-converter. 
Experimental results are given as well as a description of 
its components and circuits. 

Nishiguchi, K. 

The misoperation of parametron due to the hysteresis of 

parametron core (In Japanese). 

Journal of the Institute of Electrical Communication Engineers 

of Japan, 42(2): 151-155; February, 1959. 

A signal considerably larger than expected is required in 
order to overcome the Barkhausen noise. If the control sig- 
nal is smaller than the read-out signal, the memory of the 
parametron core which has memorized the phase of the 
last oscillation is read out, causing a misoperation. 

Oshima, S., Enomoto, H., and Watanabe, S. 

Analysis of parametrically excited circuits—parametron and 

magnetic amplifier (In Japanese). 

Journal of the Institute of Electrical Communication Engineers 

of Japan, 41(10): 971-978; October, 1958. 


[123] 


{124] 


[125] 


[126 


eel 


[127] 


[128] 


[129] 


[130] 


{131] 


March 


Analysis is done by means of conversion matrices in the 
frequency domain. The parametron is used as an example of 
a parametrically-excited two-terminal network. The cal- 
culated oscillation condition agrees with experimental re- 
sults. 
Oshima, S., Nakagome, Y., and Inohama, R. 
Signal input and output circuits for parametron using tran- 
sistors and their applications (In Japanese). ; 
Journal of the Institute of Electrical Communication Engineers 
of Japan, 41(9): 856-861; September, 1958. ae 
Gives circuit designs for signal input and output circuits 
utilizing parametrons and transistors and describes their 
application to analog-digital converters, digital-analog con- 
verters, and parametron circuit testers. 
Paramistors and computer costs. 
Electronic Design, 7(17): 42; August 19, 1959. 
A description of their principles of operation and uses, in- 
cluding photographs and a circuit diagram. The cost of a 
computer using such devices is estimated to be one tenth 
that of one using semiconductors and cores. 
Terada, H. 
Parametron; an amplifying logic element. 
Control Engineering, 6(4): 110-115; April, 1959. 
Reviews principles of operation, then discusses possible 
applications, which include logical computing circuits and 
memory circuits. Speed limitations, imposed by its high- 
frequency power requirements, constitute the main disad- 
vantage of such devices. 
Zeniti, K., Katsunuma, S., Hanawa, K., Ikeno, N., and 
Fukuoka, T. 
An experimental crossbar telephone exchange system using 
parametrons (In Japanese). 
Journal of the Institute of Electrical Communication Engineers 
of Japan, 42(3): 225-231; March, 1959. 
Describes the operation of an experimental one-hundred- 
line capacity exchange using about 900 parametrons. After 
a test of one year, the operation has been good in regard to 
reliability, compactness, cost, power consumption, etc. 
Zeniti, K., Husimi, K., Hiyama, Y., and Yamanaka, K. 
Parametric excitation using selenium rectifier (In Japanese). 
Journal of the Institute of Electrical Communication Engineers 
of Japan, 41(8): 786-791; August, 1958. 
Further improvement is necessary for a parametron using 
a selenium rectifier to achieve faster operating speed and 
lower power consumption. However, it is satisfactory at 
low frequencies, uses the same power as a ferrite parame- 
tron, and has a capacity-variation rate nearly the same as a 
germanium junction diode. 
Zeniti, K., Sekiguti, S., and Takasima, M. 
Parametric excitation using variable capacitance of ferro- 
electric materials (In Japanese). 
Journal of the Institute of Electrical Communication Engineers 
of Japan, 41(3): 239-244; March, 1958. 
Discusses the use of ferroelectric materials such as barium 
titanate ceramics in parametron devices. Describes the para- 
metric-excitation ratio, selectivity, power consumption and 
temperature coefficient. 
Zeniti, K. 
Parametron (In Japanese). 
Journal of the Institute of Electrical Communication Engineers 
of Japan, 41(4): 397-403; April, 1958. 
Describes and illustrates the design of parametrons—one 
of a collection of papers on new components and materials. 
Zeniti, K. and Nisiguti, K. 
Reading of recorded signals with a low frequency parametron 
(In English). 
Electrical Communication Laboratory Reports, Nippon Tele- 
graph & Telephone Public Corporation, 7(2): 48-53; February, 
1959, 
Gives a full description of the equipment and operation of 
the system. In order to increase the memory capacity of 
the system, various methods of multiplexing, especially 
time division multiplexing, must be used. 


Miscellaneous Items 


Bloom, S. and Chang, K. K. N. 
Theory of parametric amplification using nonlinear reactances. 
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RCA Review, 18(4): 578-593; December, 1957. 

An analysis of the parametric amplifier in terms of an equiv- 
alent circuit using a nonlinear inductance in general 
enough terms to describe not only linear but nonlinear am- 
plification. 

Cassedy, E. S., Jr. 

A surface wave parametric amplifier. 

PROCEEDINGS OF THE IRE, 47(8): 1374-1375; August, 1959. 
Uses a slab of ferroelectric material to replace the usual di- 
electric slab, in order to operate at millimeter wavelengths. 
Theory and operation are described. 

Chang, K. K. N. and Bloom, S. 

Parametric amplifier using lower-frequency pumping. 

PROCEEDINGS OF THE IRE, 46(7): 1383-1386; July, 1958. 
Using a nickel-manganese ferrite core, a nonlinear induct- 
ance type parametric amplifier gave a 30 per cent power 
gain at a signal frequency of 10 mc and a pump frequency of 
7 mc. A nonlinear capacitance device using a germanium 
reversed-bias junction diode achieved a stable net gain of 
35 db at 380 mc, having a pumping circuit at 300 me. 

Chang, K. K. N. and Bloom, S. 

A parametric amplifier using lower-frequency pumping. 

Proceedings of the Institution of Electrical Engineers, 105B 

(supplement 11): 680-683; May, 1958. 
Describes experiments using first a nickel-manganese ferrite, 
with a small amount of power gain. Using a germanium 
junction diode in a second experiment gave much a better 
result, with a 35-db gain obtained. 

Cohn, S. B. 

The noise figure muddle. 

Microwave Journal, 2(3):7,9, 11; March, 1959. 

Points out some of the errors in the common concepts of 
measurements of noise figures. Discrepancies occur in the 
measuring of nonlinear networks such as mixers or para- 
metric amplifiers, depending on the use of the noise-source 
method or the signal-generator method. Proper methods 
are prescribed. 

Coleman, P. D. and Becker, R. C. 

Present state of the millimeter wave generation and tech- 

nique art—1958. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

NIQUES, MTT-7(1): 42-61; January, 1959. 

Briefly reviews parametric devices and cites six references 
representative of major developments. 

Cullen, A. L. 

A travelling-wave parametric amplifier. 

Nature, 181(4605) : 332; February 1, 1958. 

Gives expressions for the theoretical amplification possible 
with a traveling-wave type of parametric amplifier. Re- 


quirements for meeting these ideal conditions are briefly. 


mentioned. 

Danielson, W. E. 

Low noise in solid state parametric amplifiers at microwave 

frequencies. 

Journal of Applied Physics, 30(1): 8-15; January, 1959. 
Uses simple low-frequency network electrical circuits and 
their mechanical analogs to explain the principles of para- 
metric amplifications; discusses major noise sources; and 
gives experimental data on four different types of amplifiers 
(three using semiconductor diodes and one using ferrites). 

Edwards, C. F. 

Frequency conversion by means of a nonlinear admittance. 

Bell System Technical Journal, 35(6): 1403-1416; November, 

1956. 
Presents the mathematical analysis of a heterodyne conver- 
sion transducer having the nonlinear element made up of a 
nonlinear resistor and a nonlinear capacitor in parallel. 
Points out nonlinear capacitor is the preferred element for 
modulators and a nonlinear resistor alone is preferred for 
converters. 

Hartley, R. V. L. 

Oscillations in systems with nonlinear reactance. 

Bell System Technical Journal, 15(3): 424-440; July, 1936. 
Studies the properties of a theoretical capacitor having one 
plate free to vibrate, which is in a circuit containing a gen- 


erator operating at a frequency higher than the resonant _ 


frequency of the plate. Conditions for oscillation are dis- 
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cussed, including conditions for the required generator volt- 
age. Other applications are discussed. 

Haus, H. A. 

Power flow relations in nonlinear media. 

IRE TRANsAcTIONS ON MicROWAVE THEORY AND TECH- 

NIQUES, MTT-6(3): 317-324; July, 1958. 

Following the generalizations for nonlinear anisotropic 
media, and the extension to gyromagnetic media under 
small-signal excitation at the signal frequency, the author 
shows under what conditions power gain can be achieved 
with a three-frequency and a four-frequency excitation of a 
ferrite. The Manley-Rowe relations (see [144]) are shown to 
be concerned with coupling coefficients in the operation of a 
ferrite amplitier. 

Kurokawa, K. and Hamasaki, J. 

Mode theory of lossless periodically distributed parametric 

amplifiers. 

IRE TRANSACTIONS ON MicROWAVE THEORY AND TECH- 

NIQUES, MTT-7(3) ; 360-365; July, 1959. 

Introduces an operator useful in analyzing the periodically 
distributed parametric amplifier. Also, develops an expres- 
sion for the power gain of the amplifier as an application of 
the theory. 

Manley, J. M. and Peterson, E. 

Negative resistance effects in saturable reactor circuits. 

Transactions of the American Institute of Electrical Engineers, 

65: 870-881; 1946. 

Analyzes sustained oscillators exhibiting many of the proper- 
ties of free oscillations, as found in saturable reactor cir- 
cuitry using the work of R. V. L. Hartley (1917). The anal- 
ysis of the development of negative resistance is expressed 
simply, and applied to the three classes of oscillations. Ex- 
periment data agree with theory. 

Manley, J. M. and Rowe, H. E. 

Some general properties of nonlinear elements—part I, gen- 

eral energy relations. 

PROCEEDINGS OF THE IRE, 44(7): 904-913; July, 1956. 
Derives two independent equations relating the average 
powers (at different frequencies) in nonlinear inductors and 
capacitors. The equations are independent of external cir- 
cuits to which the nonlinear reactor is connected and of the 
power levels at the various frequencies. These lead to an 
analysis of gain and stability of nonlinear reactor modulat- 
ors and demodulators. Special cases are also considered. 

Page, C. H. 

Frequency conversion with nonlinear reactances. 

Journal of Research of the National Bureau of Standards, 58(5): 

227-236; May, 1957. 

Develops expressions to show that a lossless nonlinear im- 
pedance subject to an almost periodic voltage will absorb 
power at certain frequencies and supply power at other fre- 
quencies. Simple cubic capacitors are found to be sufficient 
for producing any possible conservative modulation or dis- 
tortion process. 

Pierce, J. R. 

Use of the principle of conservation of energy and momentum 

in connection with the operation of wave-type parametric 

amplifiers. 

Journal of Applied Physics, 30(9): 1341-1346; September, 

1959. 

A theoretical discussion based on the terms of the force 
exerted by traveling-wave discontinuities or reflecting ele- 
ments on the waves present in wave-type parametric am- 
plifiers. Proposes that for a guided wave the momentum per 
unit distance is the power divided by the product of the 
group and phase velocities. 

Roe, G. M. and Boyd, M. R. 

Parametric energy conversion in distributed systems. 

PROCEEDINGS OF THE IRE, 47(7): 1213-1218; July, 1959. 
Discusses the theory of operation of traveling-wave type 
parametric devices having little or no dispersion. Indicates 
that pumping will not result in exponential gain of a signal 
but rather in a conversion of energy to a multiplicity of 
cross-product frequencies. Discusses two physical models 
and also the special case of zero dispersion. Use of such sys- 
tems as frequency converters is pointed out. 
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Some general properties of nonlinear elements—part IIE, 

small signal theory. 

PROCEEDINGS OF THE IRE, 46(5, pt. 1): 850-860; May, 1958. 
Uses the small-signal analysis to study the simplest types 
of nonlinear capacitor modulators, demodulators and nega- 
tive-conductance amplifiers. The results give the gain, 
bandwidth, terminal admittances, and sensitivity of these 
devices, and show the way in which nonlinearity affects 
these quantities. In general, the bandwidth of the devices 
approaches zero as nonlinearity approaches zero. 

Saito, S. 

Parametric amplification of space-charge waves on a thin 

electron beam (In Japanese). 

Journal of the Institute of Electrical Communication Engineers 

of Japan, 41(11): 1113-1120; November, 1958. 

Discusses the more general cases, assuring a thin longitud- 
inal beam with the modulation large compared to the signal, 
yet small enough to be general by linear theory. Both the 
inverting and the noninverting cases are treated. 

Tannenwald, P. E. 

Properties of thin magnetic films for microwave applications. 

1959 IRE WESCON Convention REcorD, (pt. 1): 134-141. 
Compares properties of the magnetic films with ferromag- 
netic insulators. In particular, compares frequency response, 
electromagnetic wave transmission, relation of thin depth 
to spin numbers, permeability at microwave frequencies and 
also a scheme representing a spin parametric amplifier. 

Tien, P. K. 

Parametric amplification and frequency mixing in propagating 

circuits. 

Journal of Applied Physics, 29(9): 1347-1357; September, 

1958. 

Develops expressions for the properties of a time-varying 
reactance in propagating structures, including the case in 
which parametric amplification is possible, as well as cases 
for frequency conversion, frequency channel selection, both 
wide- and narrow-band amplifiers, oscillators and backward- 
wave devices. Noise figures are also considered. 

Valdes, L. B. 

Circuit conditions for parametric amplification. 

Journal of Electronics and Control, 5(2): 129-141; August, 

1958. 

Signals in a passive-element circuit can be amplified if there 
is a nonlinear or time-varying reactance. Paper describes 
the physical model and the circuit conditions necessary for 
operation and discusses the difference between parametric 
amplifiers and mixers or modulators. 

Van der Ziel, A. 

Noise figure of reactance converters and parametric amplifiers. 

Journal of Applied Physics, 30(9): 1449; September, 1959. 
Derives the noise figure in a simple fashion, and points out 
its variation from a formula given by Hoffman and Wade 
(see [74]). 


III. MAsers 


Review Articles 


[154] 


[155] 


[156] 


Ancillary equipment: masers. 

Civil Aviation Radio News, (28): 65-68; July, 1958. 

History and descriptions of the ammonia and solid-state 
masers. Includes also information about current develop- 
ments being made by various groups in England, Canada, 
and the U.S.A. 

Birnbaum, G. 

Microwave atomic amplifiers and oscillators. 

1957 IRE WESCON Convention REcorRD, (pt. 3): 169. 
Reviews developments in the field. Also, gives an explana- 
tion of the operations of various devices characterized by a 
method of obtaining the emissive condition: electrostatic 
focusing in the ammonia beam maser; optical pumping of 
rubidium vapor; and microwave pulsing and saturating of 
paramagnetic solid-state systems. 

Cade, C. M. 

The maser: a new form of microwave oscillator. 

Journal of the Television Society, 8(12): 509-511; October— 

December, 1958. 

Gives a short review of the operational principles of solid- 
state masers and molecular-beam masers. 


[157] Combrisson, J. and Townes, C. H. 
Production and amplification of microwaves by atomic proc- 
esses (In French). 

Onde Electrique, 36(356) : 989-991; November, 1956. 

Brief review describing the principles of the maser, the work 
being done on the ammonia maser at,Columbia University, 
and the possibility of a solid-state version. 

{158] Culver, W. H. 

Maser; a molecular amplifier for microwave radiation. 

Science, 126(3278): 810-814; October 25, 1957. 

A general review of the principles and operations of both 
gaseous and solid-state masers. 

[159] Gordon, J. P. 

The maser. 

Scientific American, 199(6): 42-50; December, 1958. 

Reviews the theory and operation of solid-state and gaseous 
masers. It is well illustrated and is written for the layman. 

[160] Gordon, J. P. 

A molecular microwave spectrometer, oscillator and amplifier. 

IRE TRANSACTIONS ON INSTRUMENTATION, PGI-4: 155-159; 

October, 1955. 

A survey of the principles of a microwave spectrometer and 
oscillator operating on emission of energy from molecules. 

[161] Goudet, G. 

The production and amplification of radio oscillations using 

molecular or atomic transitions (In French). 

Onde Electrique, 38(379) : 671-686; October, 1958. 

Following a discussion of the quantum mechanical prin- 
ciples governing molecular and atomic transitions, the 
author describes their application to masers and frequency 
standards of the solid state and of gaseous states. Optical 
pumping is also described. 

[162] Heineken, F. W. 

De “maser.” 

Nederlands Tijdschrift voor Naturkunde, 23(6): 164-167; 

1957. 

Abstract unavailable. 

[163] Klinger, H. H. 

Molekulare Mikrowellen-Verstarker (maser) (In German). 

Elektronische Rundschau, 12(7): 237-239; July, 1958. 

Survey of the electronics of the maser, presenting several 
basic statements on physical principles. Discusses molecular 
radiation, negative temperature, light quantum and crystal- 
type masers, and shows possible applications. 

[164] Kontorovich, V. M. and Prokhorov, A. M. 

Nonlinear effects of the interaction of resonance fields in the 

molecular generator and amplifier (In English). 

Soviet Physics JETP, 33: 1100-1102; June, 1958. Also in 

Zhurnal Eksperimentalnoi 1 Teoreticheskoi Fiziki, 33(6): 

1428-1430; December, 1957 (In Russian). 

An analysis of the polarizability of a quantum system situ- 
ated in two resonance fields with an auxiliary field. Gives 
expressions for the possible frequencies of generation and 
amplification. 

[165] Lequeux, J. 

Une revolution dans le domaine des hyperfrequencies: Le 

“maser” oscillateur et amplification moleculaire (In French). 

La Nature, (3272): 470-475; 1957. 

Abstract unavailable. 

[166] Likel, H. 

The Maser: a low-noise microwave amplifier, 

Western Union Technical Review, 13(3): 99-100; July, 1959. 
Gives a brief review of the basic principles of the operation 
of masers. 

[167] Marsh, J. A. 
earn! of communications problems associated with space 

ravel. 

In: Vistas in Astronautics, Alperin, Morton, Ed. 

Pergamon Press, Inc., New York, N. Y., 330 pp.; 1958. 
Pages 85-87 point out the potential use of maser amplifiers 
in space ships to base communication lines. 

[168] Maser R and D activity now is widespread. 

Electronic News, 3(107): 4, 5; September, 22 1958. 

A review of the programs, projects, and progress on masers. 
Includes list of companies, type of maser, frequency bands 
and/or wavelengths, and materials being used. 

[169] Shimoda, K., Wang, T. C., and Townes, C. H. 
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Further aspects of the theory of the maser. 

Physical Review, 102(5): 1308-1321; June 1, 1956. 

A more detailed analysis of certain aspects of theory of the 
maser is given. In particular effects of saturation and of the 
resonant cavity design are discussed. Various types of noise 
and frequency shifts of oscillators are examined. 

Shunaman, F. 

Revolutionary new oscillator-amplifier. 

Radto-Electronics, 26(6): 55-57; June, 1955. 

A popular, simplified description of a new device—the 
maser. 

Singer, J. R. 

Masers. 

John Wiley and Sons, Inc., New York, N. Y., 147 pp.; 1959, 
Treats both solid-state and gaseous masers. 

Souped-up energy at work: meet the maser. 

Product Engineering, 29(2): 10; January 13, 1958. 

A few brief paragraphs describing gaseous and solid-state 
masers. 

Townes, C. H. 

Masers. 

Journal of Applied Physics, 29(3): 238; March, 1958. 

Gives an abstract of a review paper on the properties and 
characteristics of all types of masers. 

Townes, C. H. and Schawlow, A. 

Microwave Spectroscopy. 

McGraw-Hill Book Co., Inc., New York, N. Y., 698 pp.; 1955. 
Description of a device used as a high-resolution spectrom- 
eter (the maser) is given on pp. 432-434. Information on 
the molecular-beam maser is given on pp. 482 and 485. 

Townes, C. H. 

A molecular microwave amplifier, oscillator and frequency 

standard. 

1955 IRE CONVENTION RECORD, (pt. 10): 180. 

Indications from the tests and analysis of data show that 
the maser should provide an excellent frequency standard. 
An abstract of the paper is all that appears. 

Weber, J. 

Amplification of microwave radiation by substances not in 

thermal equilibrium. 

IRE TRANSACTIONS ON ELECTRON Devices, ED-3(1): 1-4; 

June, 1953. 

Paper based on a presentation made at the IRE Electron 
Tube Conference in Ottawa, in June, 1952. Gives some of 
the basic theory and methods for obtaining microwave 
radiation from crystals and gases. 

Weibel, G. E. 

Masers and related quantum-mechanical devices. Part I. 

Sylvania Technologist, 10(4): 90-97; October, 1957. 

Reviews basic principles: discusses relation to maser opera- 
tion of quantum-mechanical behavior of single atoms, en- 
ergy level of isolated microsystems, interaction with elec- 
tromagnetic field, energy storage and conversion, and, 
finally, statistical properties of large assemblies. 

Weibel, G. E. 

Masers and related quantum-mechanical devices. Part I. 

Sylvania Technologist, 11(1): 26-43; January, 1958. 

This part consists of a brief review of quantum mechanics 
fundamentals and of the derivation of the theory of micro- 
wave interaction with a two-level system. 

Wittke, J. P. 

Molecular amplification and generation of microwaves. 

PROCEEDINGS OF THE IRE, 45(3): 291-316; March, 1957. 
Reviews the wide variety of devices using molecular sys- 
tems, including molecular-beam masers, “optically-pumped” 
amplifiers, etc. Discusses properties such as gain, band- 
width, noise figures. A supplementary note by the author 
appears in PROCEEDINGS OF THE IRE, 45(7): 1100; March, 
1957. 

Wolf, H. C. 

The molecular amplifier (In German). 

Zeitschrift fiir Angewandte Physik, 10(10): 480-488; October, 

1958. 

Reviews the operation of solid-state and ammonia masers. 
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Study of the dynamic high-field polarization and the con- 

struction of an auto-oscillator of the maser type (In French). 

Comptes Rendus de l' Academie des Sciences (Paris), 246(26): 

3608-3610; June 30, 1958. 
Shows that a nuclear resonance line can be inverted by in- 
teraction with the paramagnetic saturated resonance levels 
of a free radical. An 8-watt magnetron is used to saturate 
the paramagnetic resonance line. A Q meter is used to de- 
tect the oscillation output which is at the proton Larmor- 
frequency. 

Basov, N. G. and Prokhorov, A. M. 

Application of molecular beams to radiospectroscopic study 

of rotation spectra of molecules (In Russian). 

Zhurnal Eksperimentalnoi i Teoreticheskoi Fiziki, 27(10): 

431-438; October, 1954. 
Narrow spectral lines (width about 7 ke) and rotation 
spectra of materials in solid state may be obtained by using 
molecular beams. A theoretical study of rotation transition 
in CsF molecules at a frequency of 17.7 kmc using a spectro- 
scope with a waveguide absorption cell and using, also, a 
cavity-resonator instrument. 

Basoy, N. G., Veselago, V. G., and Zhabatinski, M. E. 

Increasing the Q factor of the cavity resonator by regenera- 

tion (In English). 

Soviet Physics JETP, 28: 177-178; July, 1955. Also in Zhurnal 

Eksperimentalnoi 1 Teoreticheskoi Fiziki, 28(2): 242; February, 

1955 (In Russian). 
An article on the use of cavity resonator with molecular- 
beam oscillator, resulting in a Q factor of 5108 for periods 
of up to 20 minutes. 

Basov, N. G. 

Molecular-beam oscillator (In Russian). 

Radiotekhnika i Elektronika, 1(6): 752-757; June, 1956. 
Description of a 23,870-mc NH; beam oscillator. 

Basov, N. G. and Prokhoroy, A. M. 

Molecular generator and amplifier (In Russian). 

Uspekhi Fiziki Nauk, 57: 485-501; 1955. 
Applications are mentioned, such as time standards, spec- 
troscopy, etc. 

Basov, N. G. 

Molecular generator on a beam of ammonia molecules (part 

1). Study of the operation of a molecular generator (part IT) 

(In Russian). 

Pribory i Tekhnika Eksperimenta, (1): 71-77, 77-82; 1957. 
Abstract unavailable. 

Basov, N. G. 

On the condition of self-excitation of free-space molecular 

oscillators (In English). 

Radio Engineering and Electronics, 3(2): 427-429; 1958. Also 

in Radiotekhnika i Elektronika, 3(2): 297-298; February, 1958 

(In Russian). 
Considers the problem of molecular oscillations in free 
space, in view of its application to obtaining molecular os- 
cillators and amplifiers for millimetric and submillimetric 
waves. Examples are given for oscillators employing either 
ammonia beams or paramagnetic crystals. 

Basov, N. G. and Petrov, A. P. 

On the relative frequency stability of molecular oscillators 

(In English). 

Radio Engineering and Electronics, 3(2): 431-433; 1958. Also 

in Radiotekhnika i Elektronika, 3(2): 298-299; February, 1958 

(In Russian). 
Shows the block diagram for comparing the frequencies of 
two molecular oscillators. The relative stability of fre- 
quency was found to be of the order of 107"! over a period 
of about 16 minutes. The variation of frequency per second 
was of the order of 107* to 107. 

Basov, N. G. and Prokhorov, A. M. 

Possible methods of obtaining active molecules for the molec- 

ular generator (In English). 

Soviet Physics JETP, 28: 184-185; July, 1955. Also in Zhurnal 

Eksperimentalnoi i Teoreticheskoi Fiziki, 28(2): 249-250; 

February, 1955 (In Russian). 
To obtain resonance transitions between the energy levels 
in the molecules so as to increase the fraction of active mole- 
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cules in the beam, the use of an auxiliary high-frequency 
field is suggested. 
[190] Basov, N. G. and Prokhorov, A. M. 

The theory of a molecular oscillator and a power amplifier. 

Discussions of the Faraday Society, (19): 96-99; 1955. 

Gives expressions for the frequency of an oscillator in terms 
of the transitions among energy levels. Conditions for am- 
plification are given, as well as expressions for the power- 
amplification ratio. 

[191] Benoit, H., Grivet, P., and Guibe, L. 

A maser with purely nuclear magnetic resonance (In French). 

Comptes Rendus de l’ Academie des Sciences (Paris), 246(26): 

3608-3610; June 30, 1958. 

Uses a current of water with protons oriented, due to a 
resonance arrangement. The water current passes through a 
coil tuned to 30 mc. Beats are noticed when the proton 
resonance frequency is sufficiently near to 30 me, indicating 
that oscillations of the maser type are present. Applications 
are discussed. 

[192] Benoit, H., Grivet, P., and Ottavi, H. 

Study of a weak-field maser-type self-oscillator (In French). 

Comptes Rendus de l’Academie des Sciences (Paris), 248(2): 

220-223; January 12, 1959. 

Presents the characteristic of the maser discussed in [191]. 
[193] Benoit, H., Grivet, P., and Ottavi, H. 

Weak-field nuclear-magnetic-resonance maser (In French). 

Comptes Rendus de l' Academie des Sciences (Paris), 247(22): 

1985-1988; December 1, 1958. 

Describes an instrument for nuclear-magnetic-resonance 
studies based on proton spin resonance in circulating ben- 
zene. A further description is given in [192]. 

[194] Fain, V. M. 

On the oscillation equations of a molecular generator (In 

English). 

Soviet Physics JETP, 33: 726-728; April, 1958. Also in 

Zhurnal Eksperimentalnoi i Teoreticheskoi Fizikt, 33(10) : 945— 

947; October, 1957 (In Russian). 

Derivation of equations for both stationary and nonsta- 
tionary operating conditions of a molecular generator is 
made using a density matrix in proper approximation. 

[195] Fain, V. M. 

Quantum phenomena in the radio range (In Russian). 

Uspekhi Fizikit Nauk, 64(2): 273-313; February, 1958. 
Discusses molecular oscillators, quantum effects involved in 
interactions of selections in resonators with high frequency 
fields, spontaneous radiation, etc. 

[196] Helmer, J. C. 

Maser oscillators. 

Journal of Applied Physics, 28(2): 212-215; February, 1957. 
Using a second maser as a reference standard, observations 
have been made of the experimental behavior of a maser 
under various operating conditions. A comparison of the 
results is made with the theory from a new analysis which 
includes the velocity distribution in the beam. 

[197] Helmer, J. C. 

Small signal analysis of molecular beam masers. 

Journal of Applied Physics, 30(1): 118-120; January, 1959. 
Following an expression for the resonance polarization of a 
molecule in an electric field as a function of time, the author 
analyzes maser operation having a divergent, univelocity 
beam; including expressions for the relative beam intensity 
required to start oscillation and for the molecular Q as a 
function of cavity length. 

[198] Kemp, J.C. 

Theory of maser oscillation. 

setae of Applied Physics, 30(9): 1451-1452; September, 
Derives expressions to account for the amplitude-modulated 
nature of the signal from an inverted spin system under- 
going maser oscillation. Large amplitude nutations of the 
magnetization are seen to play a major role in the phenom- 
enon, 

]199] Khokhlov, R. V. 

On the locking of a molecular oscillator by a small external 

force (In English), 

Radio Engineering and Electronics, 3(4): 161-166; 1958. Also 


March 


in Radiotekhnika i Elektronika, 3(4): 566-569; April, 1958 (in 
Russian ). . ’ 
Develops expressions for a theoretical case in which the fre- 
quency of the external force is close to that of the oscillator. 
Results show that the frequency of the external force corre- 
sponding to maximum amplitude is somewhat shifted from 
the oscillation frequency to the side of the frequency of 
molecular transition. 
Klimontovich, I. L. and Khokhlov, R. V. 
Contributions to the theory of the molecular generator (In 
English). 
Soviet Physics JETP, 32: 937-941; December, 1957. Also in 
Zhurnal Eksperimentalnoi i Teoreticheskoi Fiziki, 32(5): 1150- 
1155; May, 1957 (In Russian). 
Discusses the theory of resonance interactions between an 
electromagnetic field and a molecular beam in a molecular 
generator. Velocity spreads are considered, as well as ef- 
fects of a varying resonator temperature. 
Kontorovich, V. M. 
On the use of two auxiliary fields to obtain emission states in 
quantum-mechanical amplifiers and generators (In English). 
Soviet Physics JETP, 33: 820-821; April, 1958. Also in Zhurnal 
Eksperimentalnoi i Teoreticheskoi Fiziki, 33(4): 1064-1065; 
October, 1957 (In Russian). 
Proposes the use of two fields with frequencies such that the 
system may be made-to generate or amplify at a frequency 
larger than that of the auxiliary fields. Discusses pulse 
length of auxiliary fields and its relation to the population 
of the four levels. 
[202] Oraevsky, A. N. 

On the theory of a molecular oscillator (In Russian). 

Radiotekhnika i Elektronika, 4(4): 718-723; April, 1959. 
Derives equations to describe the stationary process as a 
function of time. The molecular oscillator can be considered 
as an oscillating system with an inertial nonlinearity. Lock- 
ing-in of the oscillator by an external force is seen to be cov- 
ered by the expressions. 

[203] Prokhorov, A. M. and Lebeder, P. N. 

The effect of the quality of resonator on the frequency of 

molecular generator (In English). 

Radio Engineering and Electronics, 2(4): 208-209; 1957. Also 

in Radiotekhnika i Elektronika, 2(4): 510; April, 1957 (In 

Russian). 

Gives expressions for the effect of the quality factor of the 
cavity resonator on the frequency change observed in the 
molecular oscillator. 

[204] Prokhorov, A. M. 

Molecular amplifier and generator for submillimeter waves 

(In English). 

Soviet Physics JETP, 34: 1140-1141; December, 1958. Also in 
Zhurnal Eksperimentalnot i Teoreticheskoi Fiziki, 34(6): 
1658-1659; June, 1958 (In Russian). 

Describes an amplifier using a device in which one horn’s 

radiation crosses a number of molecular beams and reaches 

a second horn. Produces a maximum power of about 1 uw. 
[205] Rose-Innes, A. C. 

A frequency modulated microwave spectrometer for electron 

resonance measurements. 

Journal of Scientific Instruments, 34(7): 276-278; July, 1957. 
Description of an electron resonance spectrometer in the 3- 
cm microwave band. With frequency modulation method it 
is possible to use simple equipment to record spectra, and it 
is suitable for measurements at low temperatures and for 
recording of wide lines. 

[206] Wells, W. H. 

Maser oscillator with one beam through two cavities. 

Journal of Applied Physics, 29(4): 714-717; April, 1958. 

A study of the two-cavity beam maser by geometrical repre- 
sentation of the Schrédinger equation. A possible amplifier 
application is also noted. 

[207] Yariv, A., Singer, J. R.,and Kemp, J. 

Radiation damping effects in two level maser oscillators. 

Journal of Applied Physics, 30(2): 265; February, 1959. 
Derives formulas to show that a nonlinear solution best 
fits the case for a two-level maser in regards to explaining 
the spontaneous radiation of an inverted two-level spin 
system. - 


[200 


7 


[201 


comes 


1960 


Mount and Begg: Parametric Devices and 


Amplifiers 


[208] 


[209] 


[210] 


i211 


i 


[212] 
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[215] 


[216] 


[217] 


Arams, F. R. and Krayer, G. 

Design considerations for circulator maser systems. 

PROCEEDINGS OF THE IRE, 46(5, pt. 1):912-913; May, 1958. 
Maximum-gain bandwidth can be obtained by using a circu- 
lator in conjunction with a maser, and receiver noise can be 
isolated. Reports on the various characteristics and the 
noise and stability requirements of the system. 

Basov, N. G. and Prokhorov, A. M. 

Theory of the molecular generator and molecular power am- 

plifier (In English). 

Soviet Physics JETP, 30: 426-429: October, 1956. Also in 

Zhurnal Eksperimentalnoi i Teoreticheskoi Fiziki, 30(3): 560- 

563; March, 1956. (In Russian). 

The theory of a device similar to one described in [236] is 
presented. Also included are the conditions of self-excitation 
and the expressions for frequency, amplitude, and maximum 
power output for the oscillator, as well as the power ampli- 
fication factor and the condition for linear amplification of 
the amplifier. 

Brodzinsky, A. and Macphersen, A. C. 

Maser sensitivity curves reference sheet. 

Electronics, 32(8): 70; February 20, 1959, 

Consists of a graph showing the relation between normalized 
source temperature to over-all-system sensitivity, which is 
useful in designing super low-noise amplifiers whose noise 
figures are close to unity. 

Chester, P. F. and Bolef, D. I. 

Superregenerative masers. 

PROCEEDINGS OF THE IRE, 45(9): 1287-1289; September, 1957. 
A comparison is made of the characteristics of a 2-level solid- 
state maser amplifier operating both intermittently and 
superregeneratively. A superregenerator maser is found to 
have the advantage of stability, range of linearity, and 
stringency of inversion and preparation conditions, es- 
pecially at high gains. 

Gordon, J. P. and White, L. D. 

Noise in maser amplifiers—theory and experiments. 

PROCEEDINGS OF THE IRE, 46(9) : 1588-1594; September, 1958. 
Presents the theory of noise as applied to either reflection or 
transmission type masers, using the concept of “effective 
input noise temperature.” Experimental studies using an 
ammonia maser agreed well with the theory. An upper limit 
of 20°K can be placed on the absolute value of the beam 
temperature. 

Helmer, J. C. and Muller, M. W. 

Calculation and measurement of the noise figure of a maser 

amplifier. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

NIQUES, MTT-6(2) : 210-214; April, 1958. 

Review of noise performance of regenerative amplifiers. 
Equations were set up to interpret measurement of noise 
from an ammonia molecular beam maser amplifier. The 
measurements were made by using a double heterodyne 
system with a detuned maser oscillator serving as a second 
local oscillator. 

Motz, H. 

Negative-temperature reservoir amplifiers. 

Journal of Electronics, 2(6): 571-578; May, 1957. 

Principles of maser operation are discussed theoretically 
with application to conditions for oscillation in a cavity and 
for amplification in a transmission line. 

Muller, M. W. 

Noise in a molecular amplifier. 

Physical Review, 106(1): 8-12; April, 1 1957. 

A discussion of the extension of the quantum theory of 
noise to systemsnot in thermal equilibrium with application 
to masers. It predicts a correction to the noise figure usually 
associated with the spontaneous emission from molecules 
of the active medium. 

Pound, R. V. : 

Spontaneous emission and the noise figure of a maser amplifier. 

Annals of Physics, 1(1): 24-32; January, 1957. 
Points out some factors affecting noise figures in various 
maser devices and presents the application and use of a 
wire-circuit model for consideration. 

Shimoda, K., Takahasi, H., and Townes, C. H. 
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Fluctuations in amplification of quanta with 

maser amplifiers. 

Journal of the Physical Society of Japan, 

1957 (In English). 
Develops expressions for the probability distribution of 
quanta for the average values, also for fractional fluctua- 
tions and applied to maser-type amplifiers. 

[218] Siegman, A. E. 

Gain bandwidth and noise in maser amplifiers. 

PROCEEDINGS OF THE IRE, 45(12): 1737-1738; December 

1957. 
A comparison of two types of masers (circulator and two- 
port) with respect to gain-bandwidth product and noise 


application to 


12: 686-700; June, 


figure. 
[219] Smith; -W. V. 
Microwave amplification by maser techniques. 
IBM Journal, 1(3): 232-238; July, 1957. 
An elementary analysis has been made of the maser opera- 
tion with its potentiality for broad-band, short-transit-time 
amplification. 
[220] Stitch, M. L. 
Maser amplifier characteristics for one and two iris cavities. 
1957 IRE WESCON Convention REcoRD, (pt. 3): 175-181. 
Discusses noise figure, gain modulation and bandwidth 
characteristics of both one- and two-iris cavities in a maser 
amplifier. Noise temperature is also included. 
[221] Stitch, M. L. 
Maser amplifier characteristics for transmission and reflection 
cavities. 
Journal of Applied Physics, 29(5): 782-789; May, 1958. 
An analysis and a comparison are made of noise-tempera- 
ture, bandwidth, and gain-modulation characteristics for a 
transmission and a reflection maser. It is concluded that the 
reflection maser is generally superior but is also limited bya 
lack of good circulators. 
[222] Strandberg, M. W. P. 
Quantum-mechanical amplifiers. 
PROCEEDINGS OF THE IRE, 45(1): 92-93: January, 1957. 
A discussion of possible alternatives to the molecular-beam 
amplifier such as systems involving interaction between 
protons or electron spins and magnetic fields. Also, it should 
be possible to obtain noise-free amplifiers at any frequencies. 
[223] Weber, J. 


Maser noise considerations. 

Physical Review, 108(3): 537-541; November 1, 1957. 
The calculations are given for a noise figure in a three-level 
maser and are shown to be little affected by the saturation 
field. Some aspects of spontaneous emission noise are dis- 
cussed. 


Gaseous Types 
[224] Alsop, L. E., Giordmaine, J. A., Townes, C. H., and Wang, 
pRaiC: 


Measurement of noise in a maser amplifier. 

Physical Review, 107(5): 1450-1451; September, 1957. 
Results of an experiment using an ammonia beam through 
a split cavity. A comparison has been made between theory 
and actual results for several ratios of loaded Q and cavity 
Q. A footnote gives the early history of maser amplification. 


[225] Atom amplifier demonstrates unilateral gain. 

Electrical Manufacturing, 62(2): 11; August, 1958. 

News item and photograph of the Philco Coproration’s 
ammonia beam maser. No details of operation are given. 
[226] Atomic amplifier; gas maser. 

Journal of the Franklin Institute, 266(2): 153; August, 1958. 
Brief report on the Philco Company maser, which uses an 
ammonia beam and two electrically isolated cavities. 

[227] Bonanomi, J., et al. 
Ameliorations d’un maser a NH3. 
Helvetica Physica Acta, 30(6): 492-494; 1957. 
Abstract unavailable, 
[228] Bonanomi, J., e¢ al. 
Maser 4 NHs3; expériences résultats, applications (In French). 
Archives des Sciences, 10: 187-193; 1957. 
Abstract unavailable. 
[229] Bonanomi, J., De Prins, J., Herrmann, J., and Kartaschoff, P. 


High resolution microwave spectrograph (In German). 


= 


= 
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Helvetica Physica Acta, 30(4): 290-292; August 15, 1957. 
Abstract unavailable. 

Bonanomi, J., et al. 

Stability of NH; frequency standards (In French). 

Helvetica Physica Acta, 30(4): 288-290; August 15, 1957. 

A report of an experiment to attempt to eliminate the ef- 
fects of pulling of the molecular oscillator by obtaining a 
frequency independent of the cavity dimensions. ; 

Bonanomi, J., Herrmann, J., De Prins, J., and Kartaschoff, P. 

Twin cavity for NH; masers. 

Review of Scientific Instruments, 28(11): 879-881; November, 

1957. 

A description of a system of two coupled cavities has been 
given. Using this system it has been found that the curve of 
oscillator frequency against cavity temperature is a plateau, 
and the “pulling” effect of the cavity has thus been reduced. 

“Cathode Ray,” pseudonymn. 

Masers—small scale atomic energy for radio. 

Wireless World, 65(4): 197-200; April, 1959. 

Presents the basic principles of gaseous masers and atomic 
clocks. 

Develop portable maser stable to one part in 10°. 

Machine Design, 30(9) : 34-35; May 1, 1958. 

Gives a brief description of an ammonia-maser oscillator 
capable of operating 500 hours without interruption. The 
ammonia is recirculated to the reservoir after 50 hours of 
operation, eliminating the need for auxiliary pumping equip- 
ment. 

Gordon, J. P. and White, L. D. 

Experimental determination of the noise figure of an ammonia 

maser. 

Physical Review, 107(6): 1728-1729; September 15, 1957. 
Results of an experiment for noise measurement using two 
masers have been given and compared with the predicted 
values. 

Gordon, J. P., Zeiger, H. J., and Townes, C. H. 

Maser—new type of microwave amplifier frequency standard 

and spectrometer. 

Physical Review, 99(4): 1264-1274; August 15, 1955. 
Experimental results of using a microwave amplifier as a 
high-resolution microwave spectrometer are compared with 
the theoretical predictions. The use with ammonia mole- 
cules is especially noted. Under certain conditions, an am- 
plifier noise figure of unitv should be possible. 

Gordon, J. P., Zeiger, H. J., and Townes, C. H. 

Molecular microwave oscillator and new hyperfine structure in 

the microwave spectrum of NH3. 

Physical Review, 95(1): 282-284; July 1, 1954. 

A microwave amplifier or a stable oscillator has been made 
which can be used as a high-solution microwave spectrom- 
eter. By directing a focused beam of NH; molecules into 
high-Q oscillating cavity, the molecules within gave up 
energy. By varying the frequency transmitted through the 
cavity through the molecular transition frequency, an emis- 
sion line is seen. 

Helmer, J. C. 

Maser noise measurement. 

Physical Review, 107(3): 902-903; August 1, 1957. 

3.52 +5 db has been found to be the average noise figure of an 
ammonia-beam-maser amplifier using an ammonia-beam 
oscillator as a primary frequency standard. Operation was 
at 24,000 mc, 

Higa, W. H. 

Observations of nonlinear maser phenomena. 

Ni of Scientific Instruments, 28(9): 726-727; September, 
Gives results of an experiment using a double-cavity am- 
monia maser, in which the cavities produce a beat phenom- 
enon by oscillating individually. It shows that the maser 
can continue to amplify signals even in the oscillatory state. 

Javan, A. and Wang, T. C. 

Two-cavity maser spectrometer. 

cera of the American Physical Society, 2(4): 209; April 25, 

957. 
Discusses an ammonia-type maser developed for this pur- 
pose. Only an abstract is given, 


[240] Johnson, S. 


= 


aly, 


PRS 


= 


— 


—s 


March 


Regulated molecular beam. 

Review of Scientific Instruments, 28(7): 575; July, 1957. 

A brief description of an apparatus for regulating the beam 
flux in an ammonia maser. 

King, J. G. and Zacharias, J. R. 

Some new applications and techniques of molecular beams. 

Advances in Electronics and Electron Physics, 8: 1-88; 1956. 
Ammonia masers are discussed briefly on p. 4. 

Maser supports relativity theory. 

Electronics, 31(49): 104; December 5, 1958. 

Briefly summarizes an experiment using an ammonia-type 
maser to determine what effect on frequency occurs when 
the stream of molecules travel in the same direction as the 
earth in its orbit as compared to traveling in the opposite 
direction. Einstein’s special theory of relativity was con- 
firmed by the work. 

Munster, A. C. 

Atomic amplifier; gas maser. 

Journal of the Franklin Institute, 266(2): 153; August, 1958. 
The ammonia maser developed by the Philco Corporation is 
briefly described. No details are given. 

Prokhorov, A. M. 

Molecular amplifier and generator for submillimeter waves 

(In English). 

Soviet Physics JETP, 34: 1140-1141; December, 1958. Also in 

Zhurnal Eksperimentalnoi i Teoreticheskot Fizikt, 34(6): 1658— 

1659; June, 1958 (In Russian). 

Gives expressions for the power, and for the conditions of 
self-excitation, of an ammonia maser for waves shorter than 
1 mm. 

“Quantum,” pseudonym. 

Molecules and microwaves; maser explained. 

Electronic and Radio Engineering, 34(7): 254-257; July, 1957. 
A review of the basic principles of the ammonia-type maser. 

Sher, N. 

A two-cavity unilateral maser amplifier. 

1958 IRE NATIONAL CONVENTION RECORD, (pt. 1): 27-35. 
Following a discussion of the physical principles of an 
ammonia-type maser having two separated resonant cavi- 
ties, the experimental results obtained are described. Re- 
sults of gain and noise figure measurements are reported. 

Shimoda, K. 

Characteristics of the beam type maser. I (In English). 

Journal of the Physical Society of Japan, 12(9): 1006-1016; 

September, 1957. 

Considers causes for velocity distribution of molecules in 
the maser. Relationship of amplitude to focusing voltage, as 
well as to frequency characteristics, are in good agreement 
with theory. Frequency shift caused by the unresolved hy- 
perfine structure is discussed. 

Shimoda, K. and Wang, T. C. 

New method for the observation of hyperfine structure of NH3 

in a “maser” oscillator. 

ede of Scientific Instruments, 26(12): 1148-1149; December, 

1955. 

Discusses the use of a maser as a spectrometer to resolve 
magnetic hyperfine components in NHs, using microwave 
power at frequencies of the satellite lines. An oscilloscope 
trace shows the structure of the weakest of the satellites. 

Shimoda, K. 

Precise frequency of the 3,3 inversion line of ammonia (In 

English), 

Journal of the Physical Society of Japan, 12(5): 558; May, 1957. 
Uses a molecular beam maser oscillator to check the fre- 
quency measured on an absorption type Stark-Zeeman am- 
monia clock. The difference between the two frequencies is 
interpreted in terms of different populations of the quadru- 
pole levels F; =2, 3, 4. 


[250] Shimoda, K. 


Radio frequency spectroscopy using three level maser action 

(In English), 

- Hebe of the Physical Society of Japan, 14(7): 954-959; July, 
Following a discussion of the theory involved, a description 
is given of a three-level radio-frequency spectrometer which 
was built to observe direct |-type doubling transistors 
of ICN and OCS, Pumping radiation was supplied by a 


1960 


klystron, and the transition was observed by a modified 
Pound-Knight circuit. 

[251] Shimoda, K. 

Three-level maser detector for ultramicrowaves (In English). 

Journal of the Physical Society of Japan, 14(7):966; July, 1959. 

Develops expressions for the absorption of ultramicrowave 
power by gases. Recommends use of a cavity with a cell 
volume of ten cubic centimeters, which would allow the de- 
tection of 3X10 watts as compared to the detection of 
10 watts by crystal detectors. 

Singer, J. R. 

Proposal for a tunable millimeter wave molecular oscillator 

and amplifier. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

NIQUES, MTT-7(2): 268-276; April, 1959. 

Describes a gas-type maser which uses a Stern-Gerlach 
molecular beam arrangement. The beam has a net magnetic 
moment. The frequency of operation is determined by the 
static magnetic field, with an upper limit of about 3 mm. 

[253] Townes, C. H. 

Comments on frequency-pulling of maser oscillators. 

Journal of Applied Physics, 28(8): 920-921; August, 1957. 
Discusses the theory of molecular-velocity distribution as 
related to the pulling of the oscillator frequency from the 
molecular resonance frequency. Gives reasons for a lack of 
observation of increased pulling. 

[254] Troitskii, V. S. 

Theory of the maser and maser fluctuations (In English). 
Soviet Physics JETP, 34: 271-273; August, 1958. Also in 
Zhurnal Eksperimentalnoi i Teoreticheskoi Fiziki, 34(2): 390- 
393; February, 1958 (In Russian). 

Presents the maser as an oscillating system with one degree 
of freedom, using the Basov-Prokhorov equations for steady- 
state oscillations. There is found to be a “soft” mode and 
an analog of the “hard” mode following a region of noise 
generation. It is determined that in an ammonia maser at 
room temperature the spectral-line width due to thermal 
noise is 10~ cps. 

[255] Vonbun, F. O. 


(252 


— 


“ Proposed method for tuning a maser cavity. 
; Review of Scientific Instruments, 29(9): 792-793; September, 
1958. 


Brief description of a method for tuning a cavity by modu- 
lating the frequency of the maser output, beating it against 
the auxiliary oscillator, and multiplying the beat note. 


solid-State Types 


{256] Amplifier extends range of radio telescope. 

Electrical Engineering, 77(2): 191-192; February, 1958. 

An amplifier (three-level solid-state maser), developed by 
Harvard University scientists, was successfully operated at 
21 cm. The article gives a description of the apparatus and 
explains its application in radio astronomy, including some 
brief history. 

[257] Arams, F. R. 

Low field X-band ruby maser. 

PROCEEDINGS OF THE IRE, 47(8): 1373-1375; August, 1959. 
Briefly describes operation of a unit at low magnetic fields 
(350 gauss) with a signal frequency of 9540 mc and pump 
frequency of 10,850 mc. Pump power was about 50 milli- 
watts. 

258] Arams, F. R. and Okwit, S. 

Tunable L-band ruby maser. 

PROCEEDINGS OF THE IRE, 47(5, pt. 1): 992-993; May, 1959. 
Briefly describes the performance of a maser amplifier which 
operates over a frequency range of at least 850 to 2000 mc, 
although a tuning range of at least two octaves is believed 
to be possible. 

259] Artman, J. O., Bloembergen, N., and Shapiro, S. 
Operation of a three-level solid-state maser at 21 cm. 
Physical Review, 109(4): 1392-1393; February 15, 1958. 
Gives results of the operating of a three-level solid-state 
maser amplifier and oscillator at 1373 mc at below 2°K. 
260] Artman, J. O. 
ie The solid state maser. oe 
Proceedings of the Symposium on Role of Solid State Phenomena 
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in Electric Circuits, Polytechnic Institute of Brooklyn, Brook- 

Ivan, IN, M4 5 Gals OR 
Reviews the principles of solid-state masers, followed by a 
review of design problems for reflection cavity masers. 
Describes the operation of a model under development 
which is for use in the region around 1400 mc. 

Autler, S. H. 

Proposal for a maser-amplifier system without nonreciprocal 

elements. 

PROCEEDINGS OF THE IRE, 46(11): 1880-1881; November, 

1958. 

Cavity-type solid-state masers without circulators are con- 
sidered. The system is to use two matched masers and a 
magic T. Theoretically, the gain, noise and bandwidth 
would be the same as for a single maser with an ideal circu- 
lator. Actual conditions are compared with the ideal. 

[262] Autler, S. H., Kingston, R. H., McWhorter, A. L., and Meyer, 
ae 

Solid state maser systems. 

1958 IRE WESCON Convention REcorp, (pt. 3): 28. 

Gives abstract only, of report on systems operating at 300, 
1400, 2800, and 9000 me. Discusses isolation problems and 
noise sources, 

Autler, S. H. and McAvoy, N. 

21-centimeter solid-state maser. 

Physical Review, 110(1): 280-271; April 1, 1958. 

Results of operating a three-level solid-state maser as an 
amplifier at 1382 mc with saturating power supplied at 
9070 mec at a power level of 28 milliwatts. 

[264] Basov, N. G., eé al. 

Molecular generator without using a molecular beam 
(In Russian). 
Uspekhi Fizik i Nauk, 59(2): 375; 1956. 

Abstract unavailable. 

[265] Bergmann, S. 

Three-level solid state maser. 

Journal of Applied Physics, 30(1) : 35-36; January, 1959, 
Calculates the maximum values of the real and imaginary 
components of the paramagnetic susceptibility of a three- 
level solid-state maser. Gives expressions for the gain and 
bandwidth of a traveling-wave maser and compares its Q 
factor with that of a cavity maser. 

Bleaney, B. 

A new class of materials for Bloembergen-type masers. 

Proceedings of the Physical Society, 73(6): 937-939; June 1, 1959. 
Theorizes on the compounds suitable for this use; mentions, 
as most promising, the following compounds: CaFs, CdFo, 
SrF2, BaF, SrCle, ThOs, and MgO. 

Bloembergen, N. 

Electron spin and phonon equilibrium in masers. 

Physical Review, 109(6): 2209-2210; March 15, 1958. 

Points out that successful operation of KCo(Cr)(CN). 
salt in a three-level steady-state maser is incompatible with 
assumption that relaxation rates are not determined by 
interaction between spins and the lattice vibrations regard- 
less of operating frequencies of the maser. 

[268] Bloembergen, N. 

Proposal for a new type solid state maser. 

Physical Review, 104(2): 324-327; October 15, 1956. 

Negative absorption or stimulated emission at microwave 
frequencies can be obtained by using the Overhauser effect 
in the spin multiplet of certain paramagnetic ions. A low- 
noise microwave amplifier or frequency converter may be 
achieved through the use of nickel fluosilicate or a low- 
gadolinium ethyl sulfate at liquid-helium temperature. 
Some discussion of the operation of a solid-state maser of 
this type is given. 

Bolef, D. I. and Chester, P. F. 

Some techniques of microwave generation and amplification 

using electron spin states in solids. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

niques, MTT-6(1): 47-52; January, 1958. 

Describes possible operation of a two-level solid-state maser 
with the population-inversion techniques used in nuclear 
magnetic resonance. Discusses continual operation of the 
maser and its uses as a microwave generator. 

[270] Braunstein, R. 
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Proposal for a nuclear quadrupole maser. 

Physical Review, 107(4): 1195-1196; August 15, 1957. 

Suggests the use of substances having pure quadrupole 
spectra (such as the rare earths with atomic numbers above 
50) for four-level masers. Discusses tunability, transition 
probabilities, elimination of external magnetic fields, etc. 
I, and its compounds may be suitable. 

Butcher, P. N. 

Theory of three-level paramagnetic masers. 

Proceedings of the Institution of Electrical Engineers, 105B 

(supplement 11): 684-711, 715; May, 1958. 

Consists of four sections devoted to quantum theory, am- 
plification and oscillation, output noise power spectrum and 
noise figures. The section on amplification and oscillation 
contains numerical results, whereas the other sections are 
primarily theoretical. 

Chang, W. S. C., Cromack, J., and Siegman, A. E. 

Cavity and traveling-wave masers using ruby at S-band. 

1959 IRE WESCON ConveENTION RECORD, (pt. 1): 142-150. 
Describes the operation of several three-level masers using 
ruby at 3000 mc, using either a high-efficiency cavity or a 
meander-line slow-traveling-wave circuit with low group 
velocity over the signal pass band. The traveling-wave type 
had broader bandwidth, greater stability and built-in non- 
reciprocity. The cavity gain-bandwidth products are two 
orders of magnitude larger than were achieved in early 
maser work. 

Chester, P. F., Wagner, P. E., and Castle J. G., Jr. 

Two-level solid-state maser. 

Physical Review, 110(1): 281-282; April 1, 1958. 

Report of results using a two-level electron-spin system 
having paramagnetic defects introduced by neutron irradia- 
tion in quartz and magnesium oxide. 

Clogston, A. M. 

Susceptibility of the three-level maser. 

Journal of the Physics and Chemistry of Solids, 4(4): 271-277; 

1958 (Bell Monograph 2977), 

Calculations of the susceptibility by using quantum-me- 
chanical equations of motion, including the effect of off- 
diagonal components of density matrix, are presented. 
Effect of the cavity reaction is considered, and it appears 
that at high levels of pumping field the result is a saturation 
of susceptibility. 

Combrisson, J., Honig, A., and Townes, C. H. 

Use of electron spin resonance to realize a very high frequency 

oscillator or amplifier (In French). 

Comptes Rendus de l Academie des Sciences (Paris), 242(20): 

2451-2453; May 14, 1956. 

Induced emission in an electron resonance spectrum is used 
to produce a microwave oscillator or amplifier. Experi- 
menting with silicon, it was found that the ratio of power 
furnished by electron emission to that required to excite the 
cavity was 3. In order to obtain free oscillations, experi- 
mental details would have to be improved. 

Cross, L. G. 

Silvered ruby maser cavity. 

Journal of Applied Physics, 30(9): 1459; September, 1959. 
Describes the techniques of silvering rectangular pieces of 
ruby which have been cut and ground to the desired cavity 
dimensions. Advantages are lower preparation costs, 
greater stability of operation, a less lossy cavity, and free- 
dom of interchange. 

Crystals for masers. 

Wireless World, 64(7): 330; July, 1958. 

Brief report on development, at the Royal Radar Estab- 
lishment (Great Britain), of crystals for a solid-state maser. 
Gadolinium ethyl sulphate and potassium chromicyanide 
ina high degree of solution as a solid solution in alum are 
the chief substances used. Preparation techniques are sum- 
marized. 

Davis, C. F., Strandberg, M. W. P., and Kyhl, R. L. 

Solid-state masers and spin-lattice relaxation times. 

eee of the American Physical Society, 3(1): 9; January 29, 
Abstract of a paper given at the annual American Physical 
Society Meeting, January 29-February 1, 1958. An analysis 
of operational properties of solid-state masers shows spin- 
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lattice relaxation to have an important part in these devices. 

De Grasse, R. W. ; 

Slow-wave structures for unilateral solid-state maser amplifiers. 

1958 IRE WESCON ConvENTION RECORD, (pt. 3): 29-35. 
Possible slow-wave propagating structures for traveling- 
wave masers are discussed, followed by results of using a 
“comb” type structure. Pink ruby was used for the active 
maser material and dark ruby for the lossy material. The 
bandwidth was 25 mc, which could be tuned over a 350- 
mc range, centered at 5.9 kme. 

De Grasse, R. W., Schulz-DuBois, E. O., and Scovil, H. E. D. 

The three level solid state traveling wave maser. 

Bell System Technical Journal, 38(2): 305-334; March, 1959. 
Develops the theory for this type of maser, then compares 
its performance with that of cavity-type masers. A traveling- 
wave maser having a ruby-loaded comb structure was 
tested, giving a gain of 23 db at 6 kmc with a bandwidth of 
25 mc. Performance characteristics of another maser, using 
gadolinium ethyl sulfate, are given. 

Ditchfield, C. R. and Forrestor, P. A. 

Maser action in the region of 60°K. 

Physical Review Letters, 1(12): 448-449; December 15, 1958. 
Operational characteristics of a three-level solid-state 
maser in the range 9280 to 9520 mc. Freedom from use of 
liquid helium is seen to be likely. 

Fain, V. M. 

Spontaneous radiation of a paramagnetic in a magnetic field 

(In English). 

Soviet Physics JETP, 34: 714-715; 1958. Also in Zhurnal 

Eksperimentalnot 1 Teoreticheskoi Fiziki, 34(4): 1032-1033; 

April, 1958 (In Russian). 

Develops expressions for average power and intensity of 
radiation from a paramagnetic material at nearly 0° K. 

Foner, S., Momo, L. R., and Mayer, A. 

Multilevel pulsed-field maser for generation of high frequen- 

cies. 

Physical Review Letters, 3(1): 36-38; July 1, 1959. 

Reports of the operation of a ruby maser, which success- 
fully generates or amplifies at both 12.61 kmc and 19.15 
kmc on a pulsed basis, 4.2° K. A peak field of 9.4 kilo- 
oersteds was obtained of 1000 volts with a half-period of 
about three milliseconds. 

Forward, R. L., Goodwin, F. E., and Kiefer, J. E. 

Application of a solid state ruby maser to an X-band radar 

system. 

1959 IRE WESCON ConveENTION REcoRD, (pt. 1): 119-125. 
Special attention is given to a description of a low-loss fer- 
rite TR switch that was developed to reduce leak-through 
from the transmitted pulse. The combined noise temper- 
ature was 65°K for the mas=2r, circulator, mixer and IF 
amplifier combined, while the figure for the over-all receiver 
was 173°K. Improvement in the detecting range is consid- 
ered, as well as antenna noise temperature. 

From, W. 

The maser. 

Microwave Journal, 1(3): 18-25; November—December, 1958. 
Traces development of solid-state masers and explains their 
operation in some detail. Methods of designing such devices 
are discussed, as well as possible applications. 

Giordmaine, J. A., Alsop, L. E., Mayer, C. H., and Townes, 

@, ek 

A maser amplifier for radio astronomy at X-band. 

PROCEEDINGS OF THE IRE, 47(6): 1062-1069; June, 1959. 
This radiometer, using a ruby maser, operates with a band- 
width of 5.5 mc at an input noise temperature, including 
background radiation into the antenna, of approximately 
85°K. Sensitivity factors are discussed. 

Giordmaine, J. A., Alsop, L. E., Nash, F. R., and Townes, C. H. 

Paramagnetic relaxation at very low temperatures. 

Physical Review, 109(2): 302-311; January 15, 1958. 

A series of experiments using paramagnetic resonance at 
microwave frequencies and in the 1°-4°K temperature 
range. Implications of the relaxation process for masers are 
presented on pp. 310-311. 

Gold, T. 

Range of radio telescopes extended by new amplifier: maser. 

Journal of the Franklin Institute, 265(1): 83-84; January, 1958. 
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Briefly reviews operating features of a solid-state maser de- 
veloped by Harvard University to be used in their radio 
telescope. The maser uses a single crystal of potassium co- 
balticyanide, kept at a temperature of 2°K, and it operates 
in the 21-cm band. 

[289] Heffner, H. 

Maximum efficiency of the solid-state maser. 

PROCEEDINGS OF THE IRE, 45(9): 1289; September, 1957. 
Gives an estimation of the efficiency of a three-state maser 
for operation at saturation. 

[290] Herold, E. W. 

Future circuit aspects of solid-state phenomena. 

Proceedings of the Symposium on the Role of Solid-State Phe- 

nomena in Electric Circuits, Polytechnic Institute of Brooklyn, 

Brooklyn, N. Y., 7: 3-31; 1957. Also in PROCEEDINGS OF THE 

IRE, 45(11): 1463-1474; November, 1957. 

A discussion of superconductivity, molecular amplification, 
magnetic effects in semiconductors and nonlinear capaci- 
tance in junctions. Specific information on solid-state 
masers is also given. 

[291] Howarth, D. J. 

The physics of the solid-state maser. 

IRE TRANSACTIONS ON COMPONENT Parts, CP-6(2): 81-93; 

June, 1959. (Reprinted from Royal Radar Establishment 

Journal, April, 1958). 

Discusses the theory of the three-level solid-state maser, 
using a quantum mechanical description. 
[292] Itoh, J. 

Proposal for a solid state radio-frequency maser (In English). 

Journal of the Physical Society of Japan, 12(9): 1053; Septem- 

ber, 1957. 

The four levels into which a nuclei with spin 3/2 will split 

in a magnetic field when strong axially symmetrical nuclear 

quadrupole interaction exists in a single crystal are analyzed 

for suitability for maser operations at radio frequencies. 
(293] Javan, A. 

Description of a Raman type two-level maser. 

Bulletin of the American Physical Society, 3(3):213; May1 1958. 
Abstract of a paper presented at the spring meeting of the 
American Physical Society, May 1-3, 1958. Treats the case 
in which two photons are present, having a frequency dif- 
ference close to the energy separation of the two levels. Am- 
plification at the lower frequency takes place. Noise figures, 
magnetic susceptibility, and applications to ferrites are also 
discussed. 

[294] Javan, A. 

Theory of a three-level maser. 

Physical Review, 107(6) : 1579-1589; September 15, 1957. 
Develops a theory which covers the discrepancies between 
a semiclassical treatment based on population differences of 
various levels and actual effects deduced from a detailed 
analysis of the subject. Theory covers a gaseous system as 
well as two cases of paramagnetic materials. Four-level 
masers are also discussed. 

[295] Kikuchi, C., Lambe, J., Makhov, G., and Terhune, R. W. 

Ruby as a maser material. 

Journal of Applied Physics, 30(7): 1061-1067; July, 1959. 
Outlines the reasons for the original choice of ruby. Gives 
some measurements of the parameters in the spin Hamil- 
tarian and of spin relaxation times. Discusses the relative 
advantages of single- and double-pump modes of operation 
of a four-level maser and gives measurements of the oscil- 
lator power. a4 

[296] Kingston, R. H. K. 

A UHF solid-state maser. 

PROCEEDINGS OF THE IRE, 46(5, pt. 1): 916; May, 1958. 

A new type of maser has been built using a pump-frequency 
circuit as a resonant cavity and a signal-frequency circuit 
of the lumped-constant type. This gives independent turn- 
ing ranges and makes full use of the whole volume of the 
crystal. 

[297] Kingston, R. H. K. 

A UHF solid-state maser. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

NIQUES, MTT-7(1): 92-94; January, 1959. 

Describes a maser operating in the frequency range of 300 
to 500 mc. It uses chromium-doped cobalticyanide, a cavity 
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mode at the pumping frequency, and a tuned loop at the 
operating frequency, thus avoiding previous design com- 
plications. 
[298] Lax, B. and Gatos, H. C. 
The remarkable “Maser” story. 
Technology Review, 61(7): 360, 374; May, 1959. 
Describes briefly the UHF solid-state maser developed by 
M.I.T. for use in their radar apparatus which contacted 
the planet Venus. General advantages and future possibili- 
ties are mentioned. 
[299] Llewellyn, P. M. 
A solid-state paramagnetic-resonance spectrometer. 
Journal of Scientific Instruments, 34(6): 236-239; June, 1957. 
A description of a sensitive instrument for use in the fre- 
quency range 9000—10,000 mc at various temperatures down 
to 14°K. 
[300] McWhorter, A. L., Meyer, J. W., and Strum, P. D. 
Noise figure measurement on a solid state maser. 
Proceedings of the National Electronics Conference, 13: 377- 
384; 1957. 
The noise temperature is found not to exceed 2+-°K in a 
three-level solid-state maser using K;Cr(CN)6. as a para- 
magnetic salt and amplifying at 2800 mc. Description of 
materials, apparatus, and amplifier characteristics are given. 
Figures refer to maser only, not to the entire system. 
[301] McWhorter, A. L., Meyer, J. W., and Strum, P. D. 
Noise temperature measurement on a solid state maser. 
Physical Review, 108(6): 1642-1644; December 15, 1957. 
Noise temperature for a three-level maser with an upper 
limit of 20°K was measured by comparison with an argon 
discharge noise tube using a Dicke radiometer method. 
Results are reported. 
[302] McWhorter, A. L. and Meyer, J. W. 
A solid state maser amplifier. 
Physical Review, 109(2): 312-318; January, 1958. 
Description of operation at 2800 mc using a dual-frequency 
cavity at 1.25°K. Theory and experimental observations of 
the maser have been compared as both an amplifier and an 
oscillator. 
[303] McWhorter, A. L. and Arams, F. R. 
System-noise measurement of a solid-state maser. 
PROCEEDINGS OF THE IRE, 46(5, pt. 1): 913-914; May, 1958. 
An amplifier system has been built with a low-loss S-band 
circulator and a solid-state maser. The paper discusses the 
method used to measure noise and the sources of noise in the 
system. 
[304] Makhovy, G., Kikuchi, C., Lambe, J., and Terhune, R. W. 
Maser action in ruby. 
Physical Review, 109(4): 1399-1400; February 15, 1958. 
A brief report of investigations of electron-spin resonance 
properties of ruby, ina three-level maser operating at 2°K. 
A net gain of 20 db was observed. 
[305] Malvern maser. 
Engineering, 185(4812): 699; May 30, 1958. 
A brief description of the Royal Radar Establishment’s 
maser, which uses a paramagnetic salt. Methods used for 
the growth of crystals are also discussed. 
[306] Maser amplifier brings Venus ten times closer. 
Radio Electronics, 29(6): 68; June, 1958. 
A brief announcement about the synthetic ruby maser de- 
veloped by Columbia University for the Naval Research 
Laboratory radio telescope. 
[307] Maser development offers wider uses. 
Aviation Week, 66(18): 37; May 6, 1957. 
A news item with description of garnet maser under develop- 
ment by Bell Telephone Laboratories and Harvard Uni- 
versity, as created by H. Suhl and C. L. Hogan. 
[308] Maser operates at 2 degrees K for radio telescope. 
Electronics, 31(4): 30; January 24, 1958. 
Brief report of further development of a maser at Harvard 
University for use in a radio telescope—a three-level solid- 
state maser operating at 21 cm. 
[309] Masers probe outer space. 
Electronics, 31(1): 12, 14; January 3, 1958. 
Report of successful operation of a three-level solid-state 
iwaser at Harvard University at 21-cm waveband length 
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Points out possible applications and gives a general de- 
scription of its operation. 


[310] Meyer, J. W. 


The solid-state maser—a supercooled amplifier. 

Electronics, 31(17): 66-71; April 25, 1958. 
A basic article presenting history, description, characteris- 
tics, etc., of the two-level molecular maser (gaseous) and 
the three-level solid-state maser, with a few words about 
future possibilities. 


[311] Microwave unit may improve radar. 


Aviation Week, 66(7): 67; February 18, 1957. 
Brief account of a new type of solid-state microwave device 
(maser) with extremely low noise level that has been de- 
veloped at Bell Telephone Laboratories. 


[312] Morris, R. J., Kyhl, R. L., and Strandberg, M. W. P. 


A tunable maser amplifier with large bandwidth. 

PROCEEDINGS OF THE IRE, 47(1): 80-81; January, 1959. 
Describes an X-band maser which uses a ruby crystal. It 
has a 20-mc bandwidth at 10 db gain, and can be tuned from 
8400 to 9700 mc. 


[313] New atomic amplifiers developed. 


Westinghouse Engineer, 18(5): 146-147; September, 1958. 
Brief description and illustration of the Westinghouse Re- 
search Laboratories’ two-level solid-state maser, which uses 
a quartz crystal operating at 4.2°K. 


[314] New solid-state oscillator for microwaves. 


Bell Laboratories Record, 35(3): 109; March, 1957. 
Announcement of successful operation of a new solid-state 
device which was developed by D. Scovil, G. Feher, and H. 
Seidel (of the Laboratories). It can be operated as an oscil- 
lator as well as an amplifier and is based on the maser 
principle. 


[315] Range of radio telescope extended by new amplifier. 


Journal of the Franklin Institute, 265(1): 83-84; January, 1958. 
New (3-level) maser amplifier developed by Harvard Uni- 
versity has been successfully operated. Potentialities include 
certain radar systems as well as radio astronomy. 


[316] Research yields new solid-state oscillator for microwaves. 


Industrial Science and Engineering, 
1957. 
Abstract unavailable. 


4(3): 62, 64, 65; 


[317] Rodrigue, G. P. 


Microwave properties and applications of garnet materials. 

1957 IRE WESCON ConvVENTION REcoRD, (pt. 3): 182-200. 
A summary of known microwave properties of new garnet 
materials and a comparison with more conventional ferrites 
is presented. To help explain operation of some of the new 
devices, recent theories are outlined and possible applica- 
tions are given. 


[318] Ruby maser. 


Journal of the Franklin Institute, 226(5): 423-424; November, 
1958. 
The University of Michigan’s ruby maser is briefly de- 
scribed. 


[319] Ruby maser for new telescope. 


Electronics, 31(36): 23; September 5, 1958. 
Brief _Teport of advantages afforded the University of 
Michigan radio telescope by a ruby maser. 


[320] Schulz-DuBois, E. O., Scovil, H. E. D., and DeGrasse, R. W. 


Use of active material in three-level solid state masers. 

Bell System Technical Journal, 38(2): 335-362; March, 1959. 
Presents experimental data for two typical paramagnetic 
salts used as active materials, which make use of favorable 
ratios of signal-to-idler relaxation time. Properties of prac- 
tical isolator materials are surveyed, including high-concen- 


te paramagnetic and polycrystalline ferrimagnetic ma- 
terials. 


[321] Scovil, H. E. D., Feher, G., and Seidel, H. 


Operation of a solid state maser. 
Physical Review, 105(2): 762-763; January 15, 1957. 
A detailed description of the operation at 9 kmc of a maser 


oscillator using gadolinium ethyl sulfate at liquid-helium 
temperature. 


[322] Scovil, H. E. D. and Schulz-DuBois, E. O. 


Three-level masers as heat engines. 
Physical Review Letters, 2(6): 262-263; March 15, 1959. 
Develops expressions for the maser efficiency as a heat en- 
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gine and shows it to be limited by the same factors as a 
Carnot engine. Generation of microwaves by thermal excita- 
tion at two temperatures seems experimentally probable. 
Heat is seen excluded as a source of energy for parametric 
amplification. 

Scoville baa)» 

A three-level solid-state maser. 

Bell Laboratories Record, 36(7) : 242-246; July, 1958. F 
Presents a brief history of the maser and a description, in- 
cluding characteristics, of low thermal noise and energy 
levels and giving a mechanical analogy. 

Scovil, H. E. D. 

The three-level solid-state maser. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

niques, MTT-6(1): 29-38; January, 1958. (Bell Monograph 

3001). 
me introduction to maser-amplification techniques with the 
emphasis on the three-level solid-state type. Presents the 
physical properties of paramagnetic salts, basis of the three- 
level excitation method, and some design considerations. 

Senitzky, I. R. 

Behavior of a two-level solid state maser. 

Physical Review Letters, 1(5): 167-168; September 1, 1958. 
Explains the amplitude. modulation observed in certain 
masers, such that the behavior can be expressed by a system 
of coupled equations, one for the spin and one for the field, 
with energy transfers taking place between the two degrees 
of freedom. Observations bear out the theory. 

A solid-state maser oscillator. 

IRE STUDENT QUARTERLY, 3(4): 22-23; May, 1957. 

A news items giving a brief history and a description. 

Solid state oscillator for microwave frequencies. 

Engineer, 203(5276): 389; March 8, 1957. 

Describes an experimental maser amplifier using gadolinium 
ethyl sulphate, which is an ionically bound paramagnetic 
salt, as the active agent. 

Strandberg, M. W. P. 

Computation of noise figure for quantum-mechanical ampli- 

fiers. 

Physical Review, 107(6): 1483-1484; September 15, 1957. 

A noise-figure expression is derived in terms of physical 
quantities describing electromagnetic structure and para- 
magnetic salts. 

Strandberg, M. W. P. 

Gyratron—a new solid-state quantum-mechanical amplifier. 

Bulletin of the American Physical Society, 2(1): 36; January 30, 

1957. 

Abstract of a paper presented at the annual American 
Physical Society Meeting, January 30-February 2, 1957; 
describes possible operating characteristics of a new device 
called the gyratron, and its uses. 

Strandberg, M. W. P. 

Inherent noise of quaantum-mechanical amplifiers. 

Physical Review, 106(4): 617-620; May 15, 1957. 

Gives a derivation of noise figure on limiting sensitivity for 
quantum-mechanical amplifiers of either traveling-wave or 
resonant-cavity design. 

Strandberg, M. W. P., Davis, C. F., Faughnan, B. W., Kyhl, 

R. L., and Wolga, G. J. 

Operation of a solid-state quantum-mechanical amplifier. 

Physical Review, 109(6): 1988-1989; March 15, 1958. 

The S-band amplifier was operated at 4.2°K with a com- 
puted noise temperature of less than 4.5°K. Comparison is 
made with a similar device. 

Strandberg, M. W. P. 

oe Versitron—a new solid-state quantum mechanical ampli- 

er. 

Proceedings of the Symposium on the Role of Solid-State Phenom- 

ena tin Electric Circuits, Polytechnic Institute of Brooklyn, 

Brooklyn, N. Y., 7: 63-70; 1957. 

Discusses basic principles and features of a solid-state maser 
amplifier. Emphasizes noise figures and noise-temperature 
properties of the device. 

Tenney, H. D., Roberts, R. W., and Vartanian, P. H. 

An S-band traveling wave maser. 

1959 IRE WESCON ConvENTION REcorpD, (pt. RWS 1=155: 
Discusses several slow wave structures of wide-band travel- 
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ing wave masers, operating at 3 kmc. Both garnet and pink 
ruby were used. Gains in excess of 15 db over a bandwidth 
of 60 mc were achieved. The garnet slab provided non- 
reciprocal reverse loss and also smoothed out the gain fluc- 
tuation of the maser due to regeneration and degenera- 
tion. 

[334] Theissing, H. H., Dieter, F. A., and Caplan, P. J. 

Analysis of the emissive phase of a pulsed maser. 

Journal of Applied Physics, 29(12): 1673-1678; December, 

1958. Also in 1958 IRE NatioNAL CONVENTION RECORD, 

(pt. 1): 19-26. 

A pulsed solid-state maser’s operation in the emissive phase 
is discussed, and it is shown that equations for this phase are 
amenable to machine computation. Gives numerical results 
for various values of such variables as relaxation times, in- 
put fields and oscillation characteristics. An interpretation 
is given with regard to both regeneration and superregenera- 
tion modes of operation. 
[335] Weber, J. 

Masers. 

Reviews of Modern Physics, 31(3): 681-710; July, 1959. 
Reviews the principles of the solid-state maser, then dis- 
cusses specific types of masers, including ruby masers. 
Noise performance is described, followed by a brief discus- 
sion of masets at low frequencies and in infrared. There are 
nine pages of matrix elements and energy levels for ruby. 

[336] Weintraub, S. 

A new microwave amplifier. 

Nature, 179(4566): 903; May, 1957. Also in Wireless World, 

63(5): 212; May 4, 1957. 

Gives a brief review and description of the first successful 
operation of a solid-state maser. 
[337] Wessel, G. K. 

A UHF ruby maser. 

PROCEEDINGS OF THE IRE, 47(4): 590; April, 1959. 

A tunable maser operates over the signal frequency range 
of 380-450 mc. A gain of 15 db and a bandwidth of 100 ke 
were observed at 1.7°K. Acting as an oscillator, the power 
output was less than 1 pw. 

[338] Zverev, G. M., Kornienko, L. S., Manenkov, A. A., and 

Prokhorov, A. M. 

A chromium corundum paramagnetic amplifier and generator 

(In English). 

Soviet Physics JETP, 34: 1141-1142; 1958. Also in Zhurnal 

Eksperimentalnoi i Teoreticheskor Fiziki 34(6): 1660-1661; 

June, 1958 (In Russian). 

Describes certain basic design criteria for a solid-state 
maser. At approximately 2°K, the system became self- 
excited and acted as a generator. 


Optical, Radio- Frequency and I nfrared Types 


[339] Barker, W. A. 
Raser: new solid amplifier reported. 
Electronics, 32(18): 25; May 1, 1959. 
A brief announcement of the commencement of a project 
to develop a solid-state quantum-mechanical amplifier 
operating in the radio-frequency range. It depends upon 
induced nuclear-spin transitions. 

[340] Javan, A. 
Possibility of production of negative temperature in gas dis- 
charges. 

Physical Review Letters, 3(2): 87-89; July 15, 1959. 
Theorizes upon the conditions most suitable for the opera- 
tion of an optical maser. The differences between pure 
gases and gas mixtures are developed. Gases considered 
include neon, helium, and a mixture of krypton and mercury. 


[341] Sanders, J. H. 
Optical maser design. 
Physical Review Letters, 3(2): 86-87; July 15, 1959. 
Discusses the problems involved in an optical maser. 
Suggests the use of a discharge in the working medium. 
Recommends the use of a Fabry-Perot etalon for the detec- 
tion of the maser oscillations. 
[342) Schawlow, A. L. and Townes, C. H. 
Infrared and optical masers. 
Physical Review, 112(6): 1940-1949, December 15, 1958. 
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Discusses the application of maser techniques to the optical 
and infrared regions. Shows that a resonant cavity of centi- 
meter dimensions, and pumping with incoherent light, 
would result in maser oscillations. Suggests use of both 
multimode and single-mode cavities. Discusses a system 
using potassium vapor. The ultraviolet region is considered 
the shortest usable wavelength. 


Atomic Clocks 


[343] Arditi, M. and Carver, T. R. 

Atomic clock for space travelers’ use. 

Electrical Engineering, 77(6): 571; June, 1958. 

A summary of a paper presented at the 1958 IRE Conven- 
tion cititled “Gas cell ‘atomic clock’ using optical pumping 
and optical detection.” For abstract, see [345]. 

(344] Arditi, M. and Carver, T. R. 

Frequency shift of the zero-field hyperfine splitting of Cs 

produced by various buffer gases. 

Physical Review, 112(2): 449; October 15, 1958. 

Use optical pumping and optical detection in studying the 

effects of various noble buffer gases upon the frequency shift 

in Cs!83, using equipment previously described (see [346]), 

following a suggestion by Dicke for an atomic sodium 

clock employing buffer gas reduction of the Doppler width. 
[345] Arditi, M. and Carver, T. R. 

A gas cell “atomic clock” using optical pumping and optical 

detection. 

1958 IRE NATIONAL CONVENTION RECORD, (pt. 1): 3-9. 
Describes the theory and operation of cesium-cell and so- 
dium-cell frequency standards, which use polarized reso- 
nance light in order to increase the population difference be- 
tween the energy levels. A frequency stable to one part in 
101° is anticipated. 

[346] Arditi, M. and Carver, T. R. 

Optical detection of zero-field hyperfine splitting of Na?%, 

Physical Review, 109(3): 1012-1013; February 1, 1958. 
Describes optical detection system; gives value of the hyper- 
fine splitting of Na®* in the ground state, which is slightly 
lower than the value given by atomic beam measurements. 
Effects of buffer gas pressure in shifting the hyperfine fre- 
quency are described. 

[347] Beck, A. H. W. and Lytollis, J. 

Construction of a mobile caesium frequency standard. 

Proceedings of the Institution of Electrical Engineers, 105B 

(supplement 11): 712-715; May, 1958. 

(See also [377] below). 

The circuitry and illustrations of the frequency standard 
are coupled with a description of the components of the 
system, such as the cesium oven, the magnets, paddle 
tuners, connectors, etc. In the discussion which follows, 
comments are made on the relation of noise and populations 
of states in two-level and three-level masers. 

[348] Bell, W. E., Bloom, A., and Williams, R. 

A microwave frequency standard employing optically pumped 

sodium vapor. 

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECH- 

NIQUES, MTT-7(1): 95-98; January, 1959. 

Describes construction details of the system. Light from a 
sodium lamp is used to produce population difference be- 
tween the two quantum levels. Predicts that an accuracy 
of one part in 10! can be achieved. 

[349] Bonanomi, J. and Herrmann, ile 

Ammonia frequency standard. 

Helvetica Physica Acta, 29: 224-226; 1956. 

Describes equipment which operates at 23,870 mc with a 
variation of 2107 per day. To improve the stability, a 
maser is introduced. 

[350] Bonanomi, J. and Herrmann, ie 

Determination of the inversion frequency of ammonia. 

Helvetica Physica Acta, 29: 451-452; 1956. 

Uses a maser-type device to arrive at a frequency of 
23,870,129.42 +0.05+0.12 ke. 
[351] Clock produces microwaves direct; varies one second in 300 
ears. 
Clerical and Engineering News, 33(6): 502, 504; February 7, 
1955. 
A news item describing the ammonia-type clock. 
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[352] 


[353] 


[354] 


[355] 


[356] 


[357] 


[358] 


[359] 


[360] 


[361] 


[362] 
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Dicke, R. H. 

Collision reduced Doppler effect. A sodium clock? 

1955 IRE CONVENTION RECORD, (pt. 10): 181. 

Gives only an abstract of a paper which discussed reduction 
of the Doppler effect by adding a helium atmosphere to the 
alkali metal vapor. Optical pumping and techniques for co- 
herent pulse-induced radiations were mentioned in original 
paper. 

Essen, L. 

Atomic clocks. 

Journal of the Institution of Electrical Engineers, 4(48): 647- 

653; December, 1958. 

Describes the operation and advantages of a cesium-type 
atomic clock. Also discusses quartz-clock calibration, varia- 
tions in mean solar time, and masers. A review is made of 
the comparison of the British and U.S. atomic frequency 
standards. 

George, W. D. 

Need for a new type frequency and time standard. 

PROCEEDINGS OF THE IRE, 42(9): 1349; September, 1954. 
Points out the problems in definitions and operational 
standards currently used for time and frequency. Because, 
at the present time, the appropriate standard is the period 
of a molecular, atomic, or nuclear vibration, several atomic 
clocks should be built and observed in an effort to obtain 
correlation to at least one part in 10°. 

Inces CERe Ss: 

Atomic clocks and frequency stabilization. 

Journal of Applied Physics, 23(12): 1408-1409; December, 

1952. 

Some corrections are made for the paper by Townes (see 
[369]). 

Lewis, F. D. 

Frequency and time standards. 

PROCEEDINGS OF THE IRE, 43(9): 1046-1068; September, 

1955. 

Various frequency and time standards are described. In- 
cluded also is a discussion of atomic and molecular fre- 
quency standards such as the ammonia maser. 

Lyons, H. 

Atomic clocks. 

Scientific American, 196(2): 71-82; February, 1957. 

A discussion and general description of the atomic,. cesium 
and maser clocks. 

Mc Coubrey, A. O. 

The Atomichron—an atomic-frequency standard—physical 

foundation. 

1958 IRE NATIONAL CONVENTION RECORD, (pt. 1): 10-13. 
Presents the theory of an atomic-frequency standard, par- 
ticularly the operation of atomic-beam resonance tubes. 

Me Coubrey, A. O. 

Results of the comparison: Atomichron—British cesium beam 

standard. 

IRE TRANSACTIONS ON INSTRUMENTATION, I-7(3—4) : 203-206; 

December, 1958. 

Experiments to compare the British and U. S. standards are 
described. Final differences amounted to only about 2.2 
parts in 101, 

Mainberger, W. and Orenberg, A. 

The Atomichron—an atomic frequency standard—operation 

and performance. 

1958 IRE NationaL CONVENTION RECORD, (pt. 1): 14-18. 
The operation of a cesium-type frequency standard is ex- 
plained and circuit diagrams are given. An accuracy of one 
part in 10° is provided. Test results are given. 

Mockler, R. C., Salazar, H., Fey, L., Barnes, J., and Beeh- 

ler, R. 

a ammonia maser as an atomic frequency and time stand- 

ard. 

IRE TRANSACTIONS ON INSTRUMENTATION, I-7(3-4): 201- 

202; December, 1958. 

After various factors affecting such devices are described, 
there is a discussion of the operation of an experimental 
type having a frequency stability of 110-" or better for 
short periods. 

Peter, M. and Strandberg, M. W. P. 

Efficiency of frequency measurements with an atomic clock, 


[363] 


[364] 
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PROCEEDINGS OF THE IRE, 47(1): 92-93; January, 1959. 
Presents the theory of frequency measurements. Concludes 
that a spectroscope with a sufficiently narrow natural 
spectral width is required for an atomic clock of optimum 
efficiency. 

Plotkin, H. H. and Reder, F. H. 

Atomic clocks and microwave amplification. 

Physics Today, 9(6): 44-46; June, 1956. 

Summary of a symposium held February 29th and March 
1st, 1956, devoted both to basic ideas and to design criteria. 


Reder, F. H. 

Proposed feasibility study of frequency shift in sealed atomic 

beam frequency standard. 

PROCEEDINGS OF THE IRE, 47(9): 1656; September, 1959. 
Reports on the comparison of British and U. S. atomic 
beam frequency standards. Offers possible reasons for the 
errors observed in a sealed Cs beam frequency standard and 
suggests ways of determining if a deteriorating vacuum in 
the beam tube is involved. 


[365] Scheibe, A. 


[366] 


[367] 


[368] 


[369] 


Pendulum, quartz and atomic clocks as time standards (In 

German). ‘ 

Zeitschrift fiir Angewandte Physik, 5(8): 307-317; August, 

1953. 
Discusses and compares performance of recent forms of 
standard clocks. Describes the basic principles of the Shortt, 
Riefler, and Schuler pendulum clocks, the standard quartz 
clocks at various places in England, France, Germany, and 
the United States of America, and the NH; and Cs atomic 
clocks. Performance of the quartz clocks indicates they are 
better than the best astronomical pendulum clocks. It is 
stated that the “NH; clock is inferior to a good quartz 
clock, but the proposed Cs clock should be superior in per- 
formance.” 

Shimoda, K. 

Atomic clocks and frequency standard on an ammonia line: 

part 1 (In English). 

Journal of the Physical Society of Japan, 9(3): 378-386; May-— 

June, 1954. 
Theoretical and experimental examinations are made of the 
various errors in an atomic clock using the 3-3 line of 
ammonia. Also given is a brief description of an experi- 
mental Stark modulation atomic clock. In order that the 
fractional error be kept under one part in 108, it is neces- 
sary that there be a high degree of frequency-insensitive 
multiplier output and that the generator and detector be 
well-matched to the waveguide. 

Shimoda, K. 

Atomic clocks and frequency standards on an ammonia-line: 

parts 2 and 3 (In English). 

Journal of the Physical Society of Japan, 9(4): 558-575; July~ 

August, 1954. 
In order to eliminate the causes for error in atomic clocks, 
the use of Zeeman and Faraday effects were observed. A 
theoretical investigation for accurate atomic-clock design 
was made of the nonreciprocal transmission characteristics 
of a waveguide absorption cell in an axial magnetic field. 
The plan consists of using Stark, source, and Zeeman modu- 
lation which is free from errors due to reflections in the 
microwave line. Preliminary results show accuracy within 
10~7 possible. 

Shimoda, K. 

Characteristics of the beam-type maser; part 2 (In English). 

Journal of the Physical Society of Japan, 13(8): 939-947; 

August, 1958. 
Reports on an experimental ammonia-maser frequency 
standard. Effects of focusing voltages and cavity timing on 
frequency are compared with theoretical values. Estimates 
effect of the velocity spread of the molecules. 

Townes, C. H. 


“Atomic” clocks and frequency stabilization on microwave 
spectral lines. 


eats of Applied Physics, 22(11): 1365-1372; November, 
1951. 


Discusses microwave gas absorption lines and the various 
types of errors in frequency stabilizaton due'to the nature 
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of their lines and to fundamental thermal noise. Accuracy 
of the order of one part in 10” for a short time are the limits 
shown for time standards synchronized with microwave ab- 
sorption in ammonia or resonances in molecular or atomic 
beams. Smaller fractional errors over longer periods of time 
will be possible. 

United States sharpens its time standard. 

Product Engineering, 28(18): 16; November 4, 1957. 
A news item about two types of atomic clock (one is am- 
monia, the other, cesium) time standards undergoing tests 
at the National Bureau of Standards. 

Vasnieva, G. A., Grigoriants, V. V., Zhabatinski, M. E 

Klyshko, D. N., Sverdloy, I. L., and Sverchkoy, E. I. 

Molecular frequency standard (In English). 

Radio Engineering and Electronics, 3(4): 167-168; 1958. Also 

in Radiotekhnika i Elektronika, 3(4): 569-570; April, 1958 (In 

Russian). 
Describes a circuit for determining the value of the fre- 
quency of a quartz oscillator by means of a molecular oscil- 
lator, with an error not exceeding 10~° of the nominal value. 
A telephone receiver is used to tune in conjunction with a 
cathode ray tube. 

Zacharias, J. R., Yates, J. G., and Haun, R. D. Jr. 

An atomic frequency standard. 

1955 IRE CONVENTION RECORD, (pt. 10): 180. 
Presents abstract of a report. The system uses a cesium 
beam involving resonant cavities in which either absorption 
or stimulated emission by the atoms of the beam takes place. 
An accuracy of one part in 10!° is expected over long peri- 
ods. 
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Miscellaneous Items 


[373] 


(374] 


Alsop, L. E., Giordmaine, J. A., Mayer, C. R., and Townes, 
Cor: 
Observations using a maser radiometer at 3-cm wavelength. 
Astronomical Journal, 63: 301; September, 1958. 
Abstract unavailable. 
Ewen, H. I. 
A thermodynamic analysis of maser systems. 
Microwave Journal, 2(3): 41-46; March, 1959. 
Points out the role masers have and will have in radio 
astronomy. A thermodynamic approach to system analysis 
is introduced. There is a discussion of extraterrestrial noise 
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sources, both celestial and man-made, and their relation to 
masers. 

Fain, V. M. 

Saturation effect in a system with three energy levels (In 

English), 

Soviet Physics JETP, 33: 991-995; May, 1958. Also in Zhurnal 

Eksperimentalnot i Teoreticheskoi Fiziki, 33: 1290-1294; No- 

vember, 1957 (In Russian). 

The effect of a high-frequency alternating field with given 
harmonics on a system with three energy levels is analyzed 
mathematically. Gives expressions, applicable to maser 
operations, for dielectric constant or permeability. 

Feyman, R. P., Vernon, F. L., Jr., and Hellwarth, R. W. 

Geometrical! representation of the Schrédinger equation for 

solving maser problems. 

Journal of Applied Physics, 28(1): 49-52; January, 1957. 
Resonance behavior of a quantum system using only a pair 
of energy levels is described ina simple rigorous geometrical 
picture. With this system it is possible to analyze various 
maser-type devices. 

Goudet, G. 

Report of advance in microwave theory and techniques in 

Western Europe—1958. 

IRE ‘TRANSACTIONS ON MiIcROWAVE THEORY AND TECH- 

NIQUES, MTT-7(3): 327-330; July, 1959. 

Includes references to three French articles on quantum- 
mechanical amplifiers. 

Siegman, A. E., and Morris, R. J. 

Proposal for a “staircase” maser. 

Physical Review Letters, 2(7): 302-303; April, 1959. 

Proposes using the phenomenonof inversion by adiabatic fast 
passage of a single electron-spin resonance transition in a 
multilevel system. Operating points, at which two suc- 
cessive inversions can be performed by the same pump oscil- 
lator in a single sweep of the dc magnetic field, can be found 
in common maser materials. 

Weiss, M. T. 

Quantum derivation of energy relations analogous to those for 

nonlinear reactances. 

PROCEEDINGS OF THE IRE, 45(7): 1012-1013; July 1, 1957. 
Points out that the Manley-Rowe relations are almost self- 
evident in a quantum-mechanical system. Energy relations 
are fully developed on this basis and are shown to be par- 
ticularly significant in analyzing multilevel solid-state 
masers. 
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Correction 


Leo Young, the author of “Tables for Cascaded Ho- 
mogeneous Quarter-Wave Transformers,” which ap- 
peared on pages 233-237 in the April, 1959 issue of these 
TRANSACTIONS, has requested that the following revi- 
sions be made in his paper. 

The values of Z; and Z» for the four-section (n= 4) 
transformers given in Tables IV to XIII are not quite 
optimum. In computing them, the positive roots of the 
fourth degree Tchebycheff polynomial were erroneous- 
ly taken as 3(1+1/+/2) instead of [£(1+1/+/2) ]#. The 
effect of this is to reduce the bandwidth by approxi- 
mately the ratio of the incorrect to the correct outer 
roots, that is, by a factor [$(1+1/+/2) ]/2=0.924. At 
the same time, the match is improved near the center of 


the band. 


Twenty representative four-section transformers were 
analyzed numerically. The bandwidth reduction ap- 
peared to be independent of R, and was about 1/15 be- 
low the greatest possible bandwidth for the maximum 
VSWR specified in Table III. For instance, the stated 
60 per cent four-section transformers (Table X) had 
only 56 per cent bandwidth; and the stated 120 per cent 
four-section transformers (Table XIII) had only 112 per 
cent bandwidth, for the VSWR claimed in Table III. 

New tables for four-section transformers were com- 
puted and are appended. These have been checked out 
by numerical analysis of representative cases. 

Various two- and three-section transformers given in 
my original tables were also checked by numerical anal- 
ysis, and found to give the predicted frequency response. 


Four-SECTION QUARTER-WAVE TRANSFORMERS 


Sg pea Maximally Flat Bandwidth =0.10 Bandwidth =0. 20 Bandwidth =0.30 
Ratio, R 
Zi Zo Li Z2 Zi Zs Zi Ze 
1.00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 
1.25 1.01405 1.07223 1.01414 1.07232 1.01440 1.07260 1.01486 1.07306 
1.50 1.02570 1.13512 1.02586 1.13530 1.02635 1.13584 1.02719 1.13673 
175 1.03568 1.19120 1.03591 1.19146 1.03659 1.19224 1.03777 1.19354 
2.00 1.04444 1.24206 1.04473 1.24239 1.04558 1.24340 1.04706 1.24508 
2.50 1.05933 1.33204 1.05972 1.33252 1.06088 1.33396 1.06287 1.33636 
3.00 1.07176 1.41051 1.07223 1.41113 1.07364 1.41296 1.07607 1.41603 
4.00 1.09190 1.54417 1.09250 1.54503 1.09435 1.54760 1.09752 1.55190 
5.00 1.10801 1.65686 1.10873 1.65794 1.11093 1.66118 1.11472 1.66660 
6.00 PAt15 300 175529 123355 eg 15057 1.12486 1.76043 1.12917 1.76689 
8.00 1.14356 1.92323 1.14455 1.92490 1.14758 1.92990 1.15279 1.93828 
10.00 1.16129 2.06509 1.16242 2.06710 1.16588 2.07315 1.17184 2.08328 
12.50 1.17961 2.21803 1.18090 2.22044 1.18483 2.22770 1.19160 2.23985 
15.00 1.19506 2.35186 1.19648 2.35465 1.20082 2.36303 1.20829 2.37706 
17.50 1.20847 2.47169 1.21001 2.47483 1.21471 2.48426 1.22281 2.50007 
20.00 1.22035. 2.58072 1.22200 2.58419 1.22703 2.59463 1.23571) 2.61213 
25.00 1.24078 2.77447 1.24262 2.77857 1.24824 2.79089 1.25795 2.81154 
30.00 1.25803 2.94423 1.26004 2.94891 1.26618 2.96299 1.27679 2.98659 
40.00 1.28632 3.23492 1.28862 3.24067 1.29564 3.25798 1.30781 3.28698 
50.00 1.30920 3.48136 1.31174 3.48809 1.31953 3.50835 1.33302 3.54228 
60.00 1.32853 3.69752 1.33129 3.70517 1.33974 3.72816 1.35440 3.76669 
| 80.00 1.36025 4.00810 | 1.36338 4.07741 1.37297 4.10544 1.38965 4.15241 
100.00 1.38591 ~ 4.38263 1.38936 4.39348 1.39992 4.42610 1.41832 4.48078 
ee eee ee eS ee eee 
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March 


Impedance 


Bandwidth =0.40 


Bandwidth =0.50 


Bandwidth =0 .60 


Bandwidth =0.80 


Ratio, R 
Z vp Ge Lies Zy Zy Z Z2 
1.00 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 
1.25 1 O1553ameet O77! 1.01643 1.07456 1.01761 1.07559 1.02106 1.07830 
1.50 1.02842 1.13799 1.03009 —-:1.13961 1.03227. 1.14162 1.03866 1.14685 
1.75 1.03949 1.19537 1.04182 1.19773 1.04488 1.20065 1.05385 1.20827 
2.00 1.04921 1.24745 1.05214 1.25052 1.05598 1.25431 1.06726 1.26420 
250 1.06577 1.33974 1.00973 1.34412 1.07494 1.34954 1.09026 1.36370 
3.00 1.07963 1.42036 108448 1.42596 1.09086 1.43290 1.10967 1.45105 
4.00 1.10216 1.55795 1.10849 1.56581 1.11685 1.57553 1.14159 1.60102 
5.00 1.12026 1.67423 1.12783 1.68414 1.13784 1.69642 1.16759 1.72864 
6.00 1.13549 1.77600 1.14415 1.78783 1.15559 1.80248 1.18974 1.84098 
8.00 1.16043 1.95009 1.17092 1.96543 1.18482 1.98446 1.22654 2.03453 
10.00 1.18060 2.09756 1.19264 2.11613 1.20863 -2.13915 1.25683. 2.19984 
12.50 1.20156 2.25698 1.21527 2.27926 1.23353 2.30691 1.28883 2.37988 
15.00 1.21931 2.39686 1.23449 2.42260 1.25475 2.45455 1.31638 2.53898 
17.50 1.23478 2.52237 1.25128 2.55137 1.27335 2.58739 1.34074 2.68264 
20.00 1.24854 2.63681 1.26625 2.66891 1.28998 2.70880 1.36269 2.81433 
2500 1.27232 2.84069 1.29220 2.87862 1.31891 2.92575 1.40125 3.05065 
30.00 1.29251 3.01989 1.31432 3.06324 1.34367 3241712 1.43467 3.26008 
40.00 1.32587 3.32792 1.35100 3.38123 1.38498 3.44754 1.49127 3.62377 
50.00 1.35308 3.59021 1.38108 3.65262 1.41905 3.73029 1.53879- 3.93704 
60.00 1.37624. 3.82111 1.40677 3.89200 1.44833 3.98025 1.58022 4.21547 
80.00 1.41455 4.21877 1.44952 4.30522 1.49736 4.41293 1.65091 4.70063 
100.00 1.44587 4.55802 1.48467 4.65870 1.53798 4.78420 1.71073 5.12003 
Ege ae Bandwidth = 1.00 Bandwidth 21-20 
LA Zs Zi Zz 

1.00 1.00000 1.00000 1.00000 1.00000 

1.25 1.02662 1.08195 1.03560 1.08683 

1.50 1.04898 1.15394 1.06576 1.16342 

1.75 1.06838 1.21861 1.09214 1.23248 

2:00 1.08559 1.27764 1.11571. 1.29572 

250 1.11531 1.38300 1.15681 1.40907 

3.00 1.14059 1.47583 1.19218 1.50943 

400 1.18259 1.63596 1.25182 1.68360 

5.00 1.21721 1.77292 1.30184 1.83358 

6.00 1.24702 1.89401 1.34555 1.96694 

8.00 1.29722 2.10376 1.42054 2.19954 

10.00 1.33920 2.28397 1.48458 2.40096 

12.50 1.38421 2.48134 1.55461 2.62317 

15.00 1.42350 2.65667 1.61690 2.82190 

17.50 1.45869 2.81570 1.67357 3.00321 

20.00 1.49074 2.96208 1.72593 3.17095 

25.00 1.54791 3.22609 1.82009 3.47548 

30.00 1.59831 3.46148 1.90654 3.74905 

40.00 1.68552 3.87328 2.05820 4.23198 

50.00 1.76055 4.23091 2.19214 4.65555 

60.00 1.82732 4.55096 2.31378 5.03760 

80.00 1.94412 5.11329 2.53156 5.71502 

100.00 2.04579 5.60394 2.72559 6.31175 
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Analysis of Split Coaxial Line Type 
Balun* 


Since the split coaxial type balun was 
developed, it has been widely utilized as a 
microwave radiator with dipole, and a du- 
plexer of television transmitting unit for its 
superior working capacity. There are several 
papers! on the analytical theory of this 
balancing unit. But, strictly speaking, there 
are still some points remaining to be re- 
scrutinized, such as the radiator receiving 
the effect of the split coaxial and its lines 
from the earth. 

We have not thoroughly discussed how 
the input admittance will change with the 
balancing of the load and the unequally 
divided cylinder, or what effects the admit- 
tance will have between the outer and split 
conductors, when it is utilized as a duplexer. 


SpLtit CoaxIAL TYPE BALUN 


We will consider the problem on the 
split coaxial type balun which is cut in two 
sections and has a dipole between each seg- 
ment of the outer cylinder, as shown in Fig. 
1. This type of balun has a special character 
which does not cause any earth current, 
compared with the other types. But, when 
it is divided unsymmetrically, the character 
will not work. In practical use, it is impos- 
sible to make it completely symmetrical. 
Furthermore, if we use it in the arbitrary 
split, it will be utilized as a matching ele- 
ment because the variable transform ratio 
is derived. In such a case, the earth effect 
will be taken into account for the input im- 
pedance. 

Generally, the antenna load forms the 
distributed circuit, but we can analyze it 
by using the simplified theory, replacing it 
with the equivalent concentric constant. 
An actual circuit is shown in Fig. 2, where 
the load is symmetrical, Y is the admittance 
inserted between terminals 1 and 2 directly, 
VY; and Y2 are the admittances inserted 
through the earth, and Y; is the admittance 
existing between the coaxial line and the 
earth measured from the right boundary 
surface. Input impedance can be calculated 
as follows: 


Yn Ba shyt yt vill - a) 


V1 a 


[You = Yi(1 ov a) (V1 aF at} 
Wa se ose Me 


where Y;=jYeo cot 61 and Yo is the char- 


* Received by the PGMTT, February 13, 1959; re- 
vised September 22, 1959. 

1H. Uchida, “Split coaxial balance converter for 
VHF and UHF,” Poh EHC, of Japan, vol. 33, pp. 

; rea! 5 

ara ee Bevan, “The 100-kw ERP Sutton cold~ 
field television broadcasting station,” Proc. IRE, 
vol. 41, pp. 196-203; February, 1953. $ 

3H. Kogo and K. Morita, “Antenna impedance 
transformation by means of split coaxial cylinder- 
type balun,” J.I.E.C. of Japan, vol. 38, pp. 359-365; 
May, 1955. ; 
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acteristic admittance! of the slot and 1 is the 
slot length. 

When the voltage between the electrodes 
2 and 1, 3 in a body is applied, the current 
distributed factor @ is given by the current 
on the conductor 1. A numerical calculus is 
shown as follows: 


4H. Kogo and K. Morita, “Electrode capacity of 
split-coaxial cylinder,” J.J.E.C. of Japan, vol. 38, 
pp. 548-552; July, 1955. 
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Vee Vira 


Vin in0 eee ea 
ASI GG 


ee 
Setting 
¥i=Yo(1+k(a+4)], 


From the above relations, the numerical 
results are shown in Figs. 3, 4, and 5. 


Y2=Yo[1—k(a—2)]. 


SpLir CoAxIAL TYPE DUPLEXER 
WITH OUTER CONDUCTOR 


For the purpose of making a branch from 
the coaxial line A to the other coaxial lines 
B and C, the split coaxial-type duplexer will 


Fig. 2—Equivalent circuit of split coaxial 
type balun. 


Ss Me ea 
“Tin he2 
/ Seche: 1 AeA die i SS 
Aye ae aS) A ale 6 7 & “if La 
fs “gl 


Fig. 3—Relationship between input admittance Vin and current distributed 
; factor a for Yo=1/10 v, Y+Ys;=1/100 0. 
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—> @ 


Fig. 4—Relationship between imput admittance Yjn and current distributed factor @ for 
Yo =1/100 B, Y+Y; =1/100 8. 


aA 2 3 4 ae 
ie 


Fig. 5—Relationship between imput admittance Vin and c 
a for Yo=1/1000 vy, Y+Y,=1/100 5 


be used frequently with the outer conductor 
as shown in Fig. 6. We shall now consider 
the impedance transform and the power di- 
vision to the coaxial lines B and C. In Fig. 6 
suppose that the unsymmetric duplexer seg- 
ment 3 and 4 is split by the ratio 1:” and 


urrent distributed factor 


loaded with Yi3, Yu. To simplify it, the 
slot width shall be made very small and the 
capacity of each electrode shall be propor- 
tionate to the segment area. Equivalent in- 
put admittance at the terminal from the co- 
axial side is as follows: 


" n+1 1\2 
Vi3¥3 — Vus¥3/n + San VuaV3 + (" LE ) Vis Vis 


n 


‘te 
Yu atm (“4 ) vat 
nN 


Vis Vue v: 


Fig. 6—Split type duplexer with outer conductor; 
(a) construction, and (b) electrode capacity. 


Next, we will consider the power distributed 
to Viz, Yis and the equivalent input admit- 
tance as follows: 


1) In the case when Y33= Yuu: 


1 
Ya (= ) Ve 


V n 
/ ee ’ 
cs 2¥a atVs : 
n+1 é 
Vi3 ( Pp ) =z Y;/ n 
= V1; 
ue IV ative : 


the power distributed to each branch is not 
equal. Equivalent input admittance is as 
follows: 


2 
Varn = (+ -) Y, 
n 
1 1\2 
Vis [( +4 7) Ys+ (2 ) Ys | 
n n 
a 


2Vi3 + Ys 


where Y3= —i3/v3=7 Yi_sz4 cot Bl, and Y3 is 
the input admittance at the terminal be- 
tween 1 and 2, 3, 4 ina body, and YV4_.,3,4 
is the characteristic admittance. 

If Y=0, then, 


: 7 
Y= (“) (+= 
n 2 


2) In the case when Yi3+ Yuu, Y3=0: 
Vis = Vis 
Via Vis 


the voltage division to the ratio of the load 
impedance. 


2 
Zin — (> (Zi3 + Zan Zo, 


3) In the case when Yux/n = Viz: 


V; INS 1 
jaa Van (“) rt (“*) vs 
Vis n n 

input admittance is derived independently 
from Y3. 


4) In the case when » =1: 
ee4 (Vist Yo2) (Yis— Vis) 
VYis+ YustY3 


When the load is symmetrical, Yi; = Yu=2Y, 
Vin=2Y¥ut+4Y2=4(Y+4+ Yo). 


Yin +(Yut2¥2) | 


H. Koco 

Faculty of Engrg. 
Chiba University 
Matsudo, Chiba, Japan 
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Nonreciprocal Attenuation of Fer- 
rite in Single-Ridge Waveguide* 


The nonreciprocal transmission char- 
acteristics of rectangular and cylindrical 
waveguides containing ferrites have been 
extensively studied and utilized in the con- 
struction of microwave phase shifters, 
gyrators, circulators, and isolators.!~* This 
note concerns the measurement of the non- 
reciprocal attenuation produced by ferrite 
in single-ridge waveguide transmitting dom- 
inant mode. In particular, three types of 
isolators in ridge waveguide are investigated 
including resonance-absorption _ isolators, 
field-displacement isolators, and isolators 
operating at low-biasing magnetic fields. 
Fig. 1 shows the dimensions of the single- 
ridge waveguide used in the measurement. 


Peel 
ir Si 


bo =.752 
bb, =.872 


Fig. 1—Geometry of the single-ridge guide. 


The cutoff frequencies’ for the TEio and 
TEx) modes are 1309 and 7008 mc per sec- 
ond, corresponding to cutoff wavelengths of 
22.92 and 4.75 cm, respectively. Strong 
electric intensities exist in the constricted 
region between the ridge and the bottom 
guide wall. The two areas on each side of 
the ridge are inductive regions where the 
magnetic intensities are strong. However, 
the exact field distribution in the single- 
ridge waveguide is difficult to determine 
analytically. 


H-Plane Isolators 


Because a small ferrite produces negli- 
gible nonreciprocal attenuation and a large 
slab introduces anomalous modes in the 
guide, the 0.340X0.100X4-inch Ferramic 
R-4 slab used in Fig. 2 represents a compro- 
mise with regard to ferrite size. The slab is 
slightly tapered at both ends to give a 
VSWR below 1.10 over the 2200— to 4000- 
mc band. In the measurement, the slab is 
laid flat with its inner edge directly opposite 
the edge of the ridge, while the dc mag- 
netic field is varied and the driving fre- 
quency is taken as a parameter. At this fer- 
rite position, comparatively high reverse 
attenuation is produced at 3500 mc per 
second. However, high ratio of reverse to 
forward loss is obtained at 2250 mc; this is 
consistent with the prediction for rectangu- 
lar guide, where for a ferrite located away 
from the side wall, the loss ratio becomes 
better when the frequency is close to the 


* Received by the PGMTT, August 10, 1959; 
revised, October 9, 1959. 

1G, L. Hogan, “The ferromagnetic Faraday effect 
at microwave frequencies and its applications,” Bell 
Sys. Tech.’J., vol. 31, pp. 1-31; January, 1952. 

2B. K. du Pré, “Onthe microwave Cotton-Mouton 
effect in ferroxcube,” Phillips Res. Repts., vol. 10, pp. 
1-10; February, 1955. ; 

3A. G, Fox, F. E. Miller, and M. T. Weiss, “Be- 
havior and applications of ferrites in the microwave 
region,” Bell Sys. Tech. J., vol. 34, Dp. 5-103; January, 
1955. 

4B. Lax and K. J. Button, “New ferrite mode con- 
figurations and their applications,” J. Appl. Phys., 
vol. 26, p. 1185; September, 1955. _ ; , - 

5S, B. Cohn, “Properties of ridge waveguides, 
Proc, IRE, vol. 35, pp. 783-788; August, 1947, 
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Fig. 2—Performance of H-plane isolator in ridge waveguide. 
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Fig. 3—Attenuation characteristics of E-plane isolator in single-ridge waveguide. 


cutoff value than when it is remote from the 
cutoff.$ 

When the RF frequency is held constant 
at 3500 me, the reverse-to-forward loss ratio 
gradually increases as the ferrite is displaced 
from the sidewall toward the ridge. The ratio 
reaches a maximum value 13.5 when the 
distance between the sidewall and the center 
line of the slab is 0.270 inch. If the ferrite is 
moved further toward the ridge, the peak 
reverse loss increases moderately, but the 
maximum forward loss increases ina greater 
proportion. The resonance magnetic field 
remains at 2460 oersteds irrespective of the 
ferrite position. 


E-Plane Isolator 


In the vicinity of the ridge, higher-order 
fields exist and the RF magnetic field does 
not assume a pure positive-circular polariza- 
tion. Close to the sidewalls, the field distri- 
bution bears a strong resemblance to that 
existing in a rectangular guide. In Fig. 3, the 


0.166 X0.870 X6-inch slab is placed against 
the sidewall; the ferrite in this position 
should disturb the field less than if it were 
placed anywhere else and should result in 
better heat dissipation. 

Measurement reveals the two loss peaks 
illustrated in Fig. 3 when the dc magnetic 
strength increases, the frequency being held 
at 3500 mc. The first peak, having low re- 
verse-to-forward loss ratio, occurs at 400 
oersteds. As the magnetic field is increased 
to 1490 oersteds, the reverse loss reaches 
30.6 db and the forward loss 4.4 db, pro- 
viding a loss ratio of 7. The isolator per- 
formance deteriorates if the RF frequency 
departs from 3500 mc. 

The resonant field Hye, increases with 
the driving frequency almost linearly as 
shown in Fig. 4. The magnetic intensities 
for producing resonance are lower than those 
required in H-plane isolators operating at 
corresponding frequencies. The bandwidth 
characteristic of this E-plane isolator for a 


REVERSE LO: 
(Hdc = 1510 DERSTEDS) 


ATTENUATION— DB 


= es Ih 
$200 3300 3400 3500 3600 3700 
FREQUENCY —MEGACYCLES 


Fig. 4—Resonant magnetic field as a function of fre- 
quency, and frequency characteristics of H-plane 
isolator at fixed biasing magnetic field. 
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Fig. 6—Nonreciprocal loss of medium-field E-plane 
isolator as a function of dc magnetic field. 


constant field of 1510 oersteds is depicted in 
Fig. 4. The reverse loss tends to drop 
abruptly for a slight deviation from 3500 
mc; the forward loss begins to increase 
sharply after this frequency is exceeded. 


Medium- Field E-Plane Isolators 


If the #-plane isolator in Fig. 3 is sepa- 
rated from the guide wall by 0.07 inch, the 
reverse loss occurring at medium magnetic 
field and that caused by resonance absorp- 
tion assume equal magnitude as shown in 
Fig. 5. This change constitutes a great en- 
hancement of the medium-field nonrecipro- 
cal attenuation. When the ferrite is placed 
0.130 inch from the wall, the medium-field 
loss becoming predominant at 380 oersteds 
produces a reverse loss of 30 db. The reso- 
nance absorption peak takes place at 1940 
oersteds where the reverse loss reduces to 16 
db. At this position, the medium-field E- 
plane isolator yields the best performance at 
3500 me. Fig. 6 illustrates the variation of re- 
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Fig. 5—Performance of medium-field Z-plane isolator. 


32 


28 


FERRITE SLAB 
.166”x .870” x 6,00 


ke fet 


24 


ATTENUATION — DB 


HFRNSS@CEReBs 
BRASS Sioa 


(Baar 


200 400 600 800 101 
DC M 


rad pe 
Sens AR 
sveseaeueer i \ateasenee 
SANDER BESS 


—hM 
fs] Sok Se Tee al a a 
aes 
1200 1400 1600 1800 2000 


SNETIC FIELD— OERSTEDS 


REVERSE LOSS 
------- FORWARD LOSS 


FREQUENCY (MEGACYCLES)=3750 


ee 
CSSSEECTE 


2400 . 2600 


Fig. 7—Loss characteristics of field displacement isolators in ridge waveguide. 


verse and forward loss for this isolator at a 
fixed location as a function of de magnetic 
field for four frequencies. Above 3500 me the 
maximum reverse loss decreases while the 
resonant magnetic strength increases. These 
effects are accompanied by a diminution of 
the loss ratio and a broadening of the loss 
curve. A lowering of the driving frequency 
also produces deleterious effect on the 
performance. 


Field Displacement Isolator 


When two 0.166 0.870 X6-inch ferrites 
are added to the ridge waveguide as shown 
in Fig. 7 and a resistive film having tapered 
ends is deposited on the outer face of one 
slab, the loss characteristics are measured as 
a function of the magnetic field at 3500 and 


3750 mc. Although two loss peaks are dis- 
cernible in Fig. 7, the reverse and forward 
losses are approximately equal, and the non- 
reciprocal effect is nearly obliterated. Elimi- 
nation of the resistive film does not reveal 
any improvement or worsening in the non- 
reciprocal effect. Both thicker and thinner 
slabs have been measured for field displace- 
ment effect without disclosing significant 
changes. Thus the differential electric in- 
tensity near the outer face of one ferrite 
caused by the B mode of propagation in 
rectangular waveguide! is not strong in the 
single-ridge geometry. 
T. S. CHEN 
Electron Tube Division 
Radio Corporation of America 
Harrison, N. J. 
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A New Automatic Frequency 
Regulation System* 


INTRODUCTION 


A considerable number of frequency 
regulation systems for voltage tunable 
sources such as klystrons are presently avail- 
able. The most prominent of these is the 
Pound Regulator! which provides an excel- 
lent stable source. Perhaps the only disad- 
vantages of the Pound system are the initial 
cost and the rather critical adjustments 
necessary when starting up. 

The system described here was designed 
for stabilization of a VA-96 (K-band) klys- 
tron, but is readily applicable to any other 
voltage-tunable microwave source. In es- 
sence, the error signal is derived from a 
phase comparison of two signals. One is a 
driving signal of 100 kilocycles per second 
which is also used to modulate a reference 
cavity (in size), and the second signal is the 
rectified microwave signal reflected from the 
reference cavity. A block diagram of the 
system is shown in Fig. 1. 

The advantages of this system are that 
it is economical in equipment, and it is 
easy to align and adjust. Furthermore, the 
output is monochromatic and isolated from 
the stabilization loop. Additional isolation 
may be secured, if desired, by use of a ferrite 
isolator. 


Cavity MopULATION 


Several means of modulating the cavity 
dimensions were considered. Magnetostric- 
tion driving, mechanical oscillations, and 
piezoelectric crystals are all feasible. The 
choice may be made on the basis of obtain- 
ing an error signal from the phase detector 
in a time much shorter than the reciprocal 
of the highest harmonic of the noise. For 
example, in the case of klystrons operating 
from rectified ac, the highest’ noticeable 
harmonic of the ripple would likely be less 
than 1000 cycles per second; hence the sys- 
tem response should be faster than one 
millisecond. 

A mechanical modulation system using 
a cam and motor or solenoid driven end 
plate for the cavity is not easily driven at 
frequencies in excess of a few hundred 
cycles per second. For high frequencies it is 
much more feasible to utilize either magnet- 
ostrictive or piezoelectric devices. Using 
such mechanisms, frequencies of 100 kilo- 
cycles or more are obtainable which permit 
sufficiently fast response times even after 
the integration of a phase detector. 


EXPERIMENTAL RESULTS 


Experimentally, it was discovered that 
piezoelectric modulation was more easily 
adaptable to a K-band cavity than mag- 
netostriction modulation. Using a 100-kc 
50-volt peak-to-peak signal applied to a 
Rochelle salt crystal, the resonant fre- 
quency of the cavity could be varied from 
about 22.2 kmc to 24.2 kmc. The cavity was 
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Fig. 1—Block diagram of the modulated cavity 
frequency stabilization scheme. 


constructed with a foil-plated Rochelle salt 
crystal as one end plate. The crystal was 
obtained from a headphone and aluminum 
foil was cemented to the crystal face. It is 
likely that a quartz crystal would permit 
operation at higher frequencies if desired. 

Frequency stability measurements have 
thus far been confined to comparing the 
frequency drift with and without the feed- 
back loop. It appears that the system is 
stable to better than one megacycle, and 
probably is stable to within 50 kc. However, 
we have not experimentally measured the 
deviation precisely since we have no ayvyail- 
able stable source for comparison. Future 
experiments will utilize this source for para- 
magnetic resonance experiments and will 
permit a more exact determination of fre- 
quency drift. The theoretical calculation of 
stability involves the gain of the feedback 
loop. For the present setup, the stability 
should theoretically be within 50 kc. 
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On Some Problems in Designing 
Microwave Faraday-Rotation 
Devices* 


During recent years a substantial effort 
has been made to obtain special ferrites for 
microwave applications. The authors’ opin- 
ion is that in many cases this effort was not 
supported by real necessity and that many 
existing commercial materials may reveal 
surprising microwave properties after a per- 
sistent and careful preparation of working 
conditions. 

An investigation of the microwave be- 
havior of a Ferroxcube B5-type ferrite was 
carried out in this laboratory and the ma- 
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terial was not found to be less attractive 
than many ferrites designed especially for 
the X band. 

Faraday rotation in cylindrical struc- 
tures with longitudinal magnetization has 
been studied in detail. Substantial expe- 
rience was gained in measuring techniques 
and soon it became apparent that many data 
on Ferroxcube B5 quoted in the literature 
are erroneous. Causes of these errors are 
ascribed to higher mode effects which seri- 
ously affect the measurements if only ferrite 
rod diameter is greater than some critical 
value. Critical diameters experimentally 
determined were found to be in good agree- 
ment with theoretical calculations by Wal- 
dron.! 

The optimum sample geometry was de- 
termined, and for this geometry Ferroxcube 
BS figure of merit values were obtained up 
to 250°/db, with losses not greater than 
0.1 db/inch. Broad-band isolators and cir- 
culators were next built and their total for- 
ward loss was found to be less than 0.35 db, 
reverse loss being greater than 40 db over 
the 8600-10,000-mc band, and greater than 
60 db at the middle 300 mc. 

Two basic systems were used throughout 
this work. The first one was used to measure 
the figure of merit as a function of ferrite 
rod diameter. A special instrument (“Fara- 
day Rotating Meter”) working on principles 
given by Hogan was designed for this pur- 
pose. The angle of Faraday rotation was 
measured with an accuracy of +0.05° and 
the corresponding losses with an accuracy 
of +0.05 db. Several facilities were provided 
to enable quick measurements of a large 
number of samples. 

All other measurements were carried out 
with a fixed angle of Faraday rotation equal 
to 45°, as this angle is the most important 
for practical applications. A schematic dia- 
gram of an experimental arrangement de- 
signed for this purpose is given in Fig. 1. 


Fig. 1—Universal set-up. 


In this arrangement, the two circulators, 
magnetized from a common dc power sup- 
ply and controlled by a common switch, are 
directing the power flow from the generator 
to the power meter through one of the two 
transmission paths available. In one position 
of the switch, the power enters the power 
meter through the reference path; in the 
other position, it travels through the device 
under test before entering the thermistor 
mount. A comparison of two deflections of 
the power indicator, corresponding to the 
two positions of the switch, gives the attenu- 


JR, A. Waldron, “Electromagnetic wave propa- 
tion in cylindrical waveguides containing gyromag- 
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ation of the device in question. The substi- 
tution method can also be used. A switched 
ferrite isolator is inserted before the ther- 
mistor mount, thus separating the measure- 
ment path from reflections and also offering 
a possibility of zeroing the thermistor bridge. 

The VSWR measurement can be made 
by means of conventional slotted line tech- 
niques or by connecting a crystal mount to 
the fourth port of the first circulator and 
maintaining a constant power output from 
the generator. Under such conditions, any 
indicator connected with the crystal can be 
scaled in terms of the reflection coefficient. 
This simple circulator reflectometer was 
found to be particularly efficient when a 
large number of measurements were carried 
out at a fixed frequency; the same restriction 
was valid for the whole setup given in Fig. 1. 
In the final stage of measurements, when 
maximum accuracy was needed, conven- 
tional setups were preferred. 

The measured ferrite sample was in- 
serted into IK-1M isolator.2 A schematic 
cross section thorugh the main part of this 
device is given in Fig. 2. Iron flanges and 
tubing are used for focusing the magnetic 
field and for forming a special axial distribu- 
tion of this field, which is flat at the middle 
part and rapidly decreases to the ends of the 
circular guide (Fig. 3). In some applications 
(circulators) the ferrite was placed off the 
center of symmetry of this distribution (but 
at the center of the guide) and thus addi- 
tional tuning was obtained. 

The ferrite rod was supported in circular 
guide by polyfoam or, in final stage of meas- 
urements, by polystyrene screws inside a 
polystyrene sleeve, closely fitting the guide 
walls. 

All measured samples had the shape of a 
cylinder with 1-inch-long tapers at both 
ends. Ferrite pieces 2 inches long were 
ground to the desired length and diameter, 
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Fig. 2—Schematic cross section through the 
main part of the IK-1M isolator. 
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Fig. 3—DC magnetic field distribution 
on the waveguide axis. 
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the matching taper was made at one end, 
and then two such pieces were glued to- 
gether to obtain the final shape; this pro- 
cedure reduced the influence of the individ- 
ual properties of the samples. During the 
measurements only the length and the di- 
ameter of the cylindrical part varied; the 
length of matching tapers was kept con- 
stant. Generous water cooling was provided 
during grinding. 

Choice of the ferrite rod diameter for 
Faraday rotation devices is extremely diffi- 
cult. Although the figure of merit F against 
ferrite diameter was determined,? this gave 
little practical information, since F continu- 
ously decreases with the increase in the di- 
ameter and small diameters are of no use 
because of great lengths involved. 

The following conditions are to be con- 
sidered in designing ferrite samples for 
practical Faraday rotation devices: 


1) the smallest possible losses of the de- 
vice, 

2) broadband performance (rotation in- 
dependent of frequency), 

3) small dimensions of the device (short 
ferrite sample—large rotation per 
unit length; preferably weak mag- 
netic field), 


The list conditions may be fulfilled for a 
given ferrite if proper dimensions (especially 
the diameter) of the sample are found. The 
final solution of the problem is in finding a 
reasonable compromise between the con- 
tradictory demands, and the results are, of 
course, dependent on the kind of ferrite used. 

As has been stated before, the figure of 
merit, generally speaking, decreases with 
the increase in the ferrite diameter, this ef- 
fect being caused by a steep increase in the 
losses, as the specific rotation steadily grows 
with the diameter (to certain limits). It fol- 
lows from the above that losses limit the use 
of large diameters, and the fulfillment of 3) 
limits the use of small diameters. 

In addition to the considerations on the 
figure of merit, the increase in the ferrite 
diameter has one more limitation: excitation 
of higher modes, in particular the hybrid 
TMu mode (called the HTMn mode through- 
out this paper), which propagates easily in 
the structure concerned. 

Another problem associated with higher 
modes propagation in the system is the di- 
rect coupling between modes excited by the 
discontinuities at both ends of the sample. 
Many spurious effects which have resulted 
from using short ferrite rods totally vanish 
after elongating the sample. 

The theoretical relation between the ro- 
tation and diameter is shown in Fig. 4. 
The curves were drawn on the basis of cal- 
culations made by Waldron. These inter- 
esting calculations were not known to the 
authors at the beginning of this work but 
the measurements indicated that diameters 
just below the cutoff value of HTM, should 
be given special attention. Theoretical con- 
firmation of this conclusion was later found 
in the paper by Waldron. Optimum ferrite 
to waveguide diameter ratio was found to be 
[d:/do ]opt=0.23, which is somewhat less than 
the 0.28 value predicted by Waldron. Sam- 
ples of this diameter 3 inches long produced 
45° rotation at H=150 oersteds with aver- 
age losses less than 0.3 db (0.2 db was also 
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frequently observed). The tolerance on the 
diameter is rather sharp: 1 per cent increase 
causes an easily detectable increase in the 
losses of about 0.05 db and 1 per cent de- 
crease produced a rapid increase of the mag- 
netic field (approximately 20 per cent). 
Faraday rotation is highly frequency- 
sensitive and measures must be taken to 
avoid unfavorable effects in devices like 
isolators or circulators, where the angle of 
rotation must be kept constant over a sub- 
stantial frequency band. Various methods of 
broadbanding were tried in this laboratory 


and finally the Rowen’-Ohm! method of di- 
electric counterbalance was adopted, with 


some modifications. The effect of reducing 


the dielectric constant of ferrite by surround- 
ing it by a medium of e>1 is clearly visible 


from the curves in Fig. 4. Waldron has 
observed in his paper that the ferrite di- 


Fig. 4—Faraday rotation per unit length vs ferrite 
diameter. Influence shown of the surrounding 
medium and the frequency. 


Fig. 5—Relative change in Faraday rotation with 
frequency (do/Ao =0.6 +0.8) vs ferrite diameter. 
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Fig. 6—Relative departures from 0 =45° as a function 
of frequency for Ferroxcube B5. Effect of a poly- 
styrene dielectric counterweight demonstrated 
(curve 2). 


3 J. H. Rowen, “ Ferrites in microwave application,” 
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ameter also has an influence on frequency 
stability of Faraday rotation (Fig. 5). The 
combining of these two effects proved to 
give excellent results experimentally. The 
main advantage of this method lies in the 
possibility of using easily accessible and low- 
loss polystyrene instead of high permittivity 
dielectrics, and in the fact that the ferrite 
length has no effect on the broad-band per- 
formance. Fig. 6 shows the experimental 
results for Ferroxcube B5, obtained with a 
3-inch-long sample of optimum diameter. 
S. J. LEwANDowsKI 
J. KonopKA 
Warsaw Technical University 
Dept. of Ultrashort Wave Techniques 
Warsaw, Poland 


Equivalence of 0 and —1 Space 
Harmonics in Helical Antenna 
Operation* 


In considering the propagation of elec- 
tromagnetic waves along helical conductors 
using the Tape Helix approximation, it is 
well known! that the solution contains an 
infinite number of space harmonics. The 
phase constants of these harmonics are re- 
lated by 


2m 


Bm = Bo+ ; 
p 


where {> is the phase constant of the funda- 
mental, ~ is the helical pitch and m is any 
integer including zero. It has been shown by 
Watkins? that as far as axial propagation is 
concerned, it is the —1 space harmonic 
which is responsible for the operation of 
the helical antenna. If, however, propaga- 
tion along the conductor is considered, then 
the correct space harmonic to be considered 
is the fundamental as used originally by 
Sensiper.’ It is easy to show that both ap- 
proaches lead to identical results, the proof 
being as follows. 

Let the phase shift between adjacent 
turns of the helix be denoted by @ with the 
subscript 0 or —1; depending on whether the 
fundamental or the —1 space harmonic is 
being considered. Then 


ae, 
ss ee 


where Z is the length of 1 helical turn and Xo 
is the fundamental wavelength. Denoting 
the axial velocity of the fundamental by zp, 
the conductor phase velocity for the funda- 
mental is vo/sin y, where y is the helical pitch 
angle, so that 
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where v_; is the axial phase velocity of the 
—1 space harmonic. This is related to the 
fundamental axial phase velocity vp by 

v4 Boa 

Vo Boa — coty 


so that @_; eventually simplifies to 


which is identical with the expression for 4 
except for a difference of 27 which is not 
significant. 

Therefore, it is equally valid to consider 
either the fundamental or the —1 space 
harmonic, the first relating to propagation 
along the conductor, and the second to 
propagation axially. 

As these phase velocities apply to an in- 
finite helix, it is not possible to use them di- 
rectly for the finite antenna, since it has 
been found by Kraus‘ that the phase veloc- 
ity is also a function of the length of the an- 
tenna. Nevertheless, it is known® that the 
solution for the infinite case may be used as 
a means of estimating the bandwidth of the 
antenna for any pitch angle y, and it is now 
shown that both axial and conductor propa- 
gation give identical results. 
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Application of Perturbation Theory 
to the Calculation of w-$ Character- 
istics for Periodic Structures* 


The effect of small periodic changes in 
the physical dimensions of closed periodic 
structures can be investigated using the per- 
turbation theory developed by Miiller* and 
later by Slater.? From this theory the frac- 
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tional change in the natural frequency, w, 
of a resonant cavity caused by the introduc- 
tion into the cavity of a small conducting 
object of volume, 7, is given by 


i} (40H? — eoH?)dV 


i} 
il egh?dV 


The integration in the numerator extends 
only over the volume of the perturbing ob- 
ject, whereas that in the denominator ex- 
tends over the entire volume of the cavity, 
and E and H are the amplitudes of the elec- 
tric and magnetic fields. 

A commonly used technique for deter- 
mining the w-6 characteristic for a closed 
periodic structure consists of constructing 
a resonator from an appropriately chosen 
length of the structure and determining the 
natural frequencies of the resonator which 
correspond to the field configurations of in- 
terest.’ If the fields within the unperturbed 
structure are known, (1) may be used to 
compute the effect of small changes in the 
physical dimensions on these natural fre- 
quencies. This technique has been used by 
Vanhuyse! in the construction of a linear 
accelerator using a disk-loaded circular 
waveguide. 

If the perturbations are periodic and if 
the period of the perturbation is an integral 
multiple of the fundamental period of the 
unperturbed structure, the resonant cavity 
technique may be used to determine the 
w-@ characteristic for the perturbed struc- 
ture. For this case (1) may be used to relate 
the w-8 characteristic for the perturbed 
structure to that for the unperturbed struc- 
ture. 

As an illustration, let the initial unper- 
turbed structure be a uniform disk-loaded 
circular waveguide of radius }, and let the 
perturbed structure comprise cavities alter- 
nately of radius b_ and 6; as shown in Fig. 1. 


bw/o = 


(1) 


Fig. 1—Uniform and perturbed disk-loaded 
circular waveguides, 


If the average volume per cell is unchanged 
by the perturbation and if b,—b<8, it is 
found that the w-8 characteristic for the 
perturbed structure coincides with that for 
the uniform structure except when the phase 
shift per section in the unperturbed struc- 
ture is 7/2. For this situation (which corre- 
sponds to a x phase shift per section in the 
perturbed structure), two frequencies are 
found, indicating the presence of a stop 
band. The width of the stop band is given 
by the difference between these two fre- 
quencies. 


3 B. Epsztein and G. Mourier, “Définition, mesure 
et caractéres des vitesses de phase dans les systémes 
4 structure périodique” Ann. Radioélectricité, vol. 10, 
p. 64; January, 1955. : 

4V, J. Vanhuyse, “On the proper frequencies of 
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Although calculations of this type do not 
predict the proper behavior for the w-6 
characteristic near stopbands resulting from 
a periodic perturbation, they do predict the 
occurrence and width of such stop bands. 

Murray D., SrrkIs 
Microwave Electronics Lab. 
Dept. of Electrical Engrg. 
Rutgers the State University 
New Brunswick, N. J 


Ice as a Bending Medium for Wave- 
guide and Tubing* 


Bending waveguide and metal tubing is 
very often a difficult and time-consuming 
task. Low melting temperature alloys are 
at times difficult to remove from waveguide 
and tubing. The piece to be bent may be 
filled with water which is then frozen by dry 
ice, liquid nitrogen, or by a deep freeze. In 
some applications where the piece to be bent 
is integral with a larger system, a block of 
dry ice may be held against it to freeze only 
the portion of water around the section to 
be bent. The use of these low temperatures 
causes not only the water to freeze into 
quite small crystals (which act like a sand 
packing), but also prevents the ice from 
melting because of the pressure of bending. 

Several tests were performed on thin 
walled aluminum tubing and P-band brass 
waveguide. It was found that in comparison 
to low melting alloys the bends were iden- 
tical within the statistical variation of sam- 
ples. The time required for the operation 
was considerably shorter. 

FRANKLIN S. COALE 
Microwave Engrg. Labs., Inc. 
Palo Alto, Calif. 
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On Higher-Order Hybrid Modes of 
Dielectric Cylinders* 


In the course of investigations into the 
properties of various surface wave struc- 
tures,’ it became necessary to investigate 
hybrid modes on dielectric cylinders for 
modes of order 1, where n >1. The case n =1 
has received extensive treatment in the 
literature [1]-[6]. 

The radial dependence of the axial fields 
isas Jn [p(p/a) | inside the dielectric cylinder 
and K,,[q(/a) | outside, where p is the radial 
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cylindrical coordinate, a is the radius of the 
cylinder, p and gq are radial eigenvalues, and 
n is the rank of the mode. 

The requirement of continuity of the 
fields at the boundary leads, in the usual 
manner, to the characteristic equation in- 
volving Bessel functions and their deriva- 
tives. This was first given by Schelkunoff 
[4]. The derivatives of Bessel functions may 
be eliminated from this equation by the use 
of identities such as given by Watson [8], to 
yield the simple form 


(J+ + K+)(eJ- — K-) 
+ (J- — K-)(J* + Kt) =0, (1) 
where 
oye In-(f) fe Insi(b) 


~ pIn(P) PIn(p) ’ 
_Kn@ gy _ Kons) | 
gKn(q) gKn(q) ’ 


and e is permittivity of dielectric cylinder 
relative to surrounding medium. 

The cutoff values of the parameter p 
are of great interest; they may be obtained 
by letting g—0 in the characteristic equa- 
tion. To keep the terms finite requires that 
the equation be multiplied by an appropri- 
ate power of g before the limit is taken. If it 
is assumed that J~ is finite at cutoff, it is 
sufficient to multiply the equation by q? 
to obtain a solution for the cutoff values of 
p; this was given by Schelkunoff [4]. How- 
ever, if this assumption is not made, an 
additional solution may be determined. This 
will be outlined below. 

Multiplying the characteristic equation 
by [gpJn(p) |? gives 


(PIns1 + PR pIn) (ean sa PII) 
+ Ina — PInK-)(ePInu + PK*pIn) = 0. (2) 
Taking the limit as g—0 and noting that 
7 1 
Se 
2(n — 1) 


> 


and q?K*—2n one obtains 


PIn ) =0. () 


n—1 


2n pIn (« a> ns = 


The solutions are, for »>1, 


Inalp) 1 

eA ae 2 ee ; 

pTalf) Wee a 
JEAGD) 0, p 0. (5) 


Eq. 4 is given by Schelkunoff [4]. The 
very significant exclusion of the »=0 solu- 
tion of (5) as a cutoff condition is based on 
the fact that for g—0 and p—0, (1) be- 
comes, since 

2n 1 


J-~--—) tees 


P 2(n + 1) 
Oe te) (= ae 7) 


“ Ga exp) (aon 1 ee 


When the finite terms are neglected in com- 
parison with the infinite terms, it is seen 
that this is not satisfied at g=0, p=0 for 
any n>1. However, the p=q=0 solution, 


March 


i.e., the condition for “no cutoff,” is valid for 
n=1 [1]. 

The asymptotes for the p-g curves are 
of interest. For g—% the characteristic 
equation becomes simply 2eJ/-J*=0, with 
solutions at Jni(p)=0 and Jnii(p)=0. It 
will be seen that the first of these is asso- 
ciated with the modes satisfying the first 
or Schelkunoff cutoff condition, the second 
with the alternate cutoff condition given 
here in (5). 

Because of the oscillatory character of 
J,(p), the characteristic equation is satis- 
fied by an infinite set of values of p for any 
given gq, in particular also for g=0. These 
sets of p’s span an infinite set of modes which 
may propagate along the dielectric rod. It 
is now seen that the existence of the alter- 
nate cutoff condition indicates the existence 
of an infinite set of modes that interlace the 
modes that satisfy the cutoff condition of 
(4). This and other salient characteristics 
of the doubly infinite set of modes are pre- 
sented qualitatively in Fig. 1, with the »=1 
case treated by Beam [1] included for com- 
parison in Fig. 2. The curve shapes are based 
upon the detailed numerical solution of (2) 
obtained with an IBM 650 computer for 
n=2, 6 for a wide range of e. 

The significance of Fig. 1 may be sum- 
marized as follows. 
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Fig. 1—Loci of solutions of the characteristic equa- 
tion (1) for 2 >1. 
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1) There is a set of modes that alter- 
nates with those identified with the cutoff 
condition of Schelkunoff in (4). Their cutoff 
condition is given by (5). 

2) The modes identified with (4) have 
a cutoff that depends on e«, whereas the 
modes satisfying the alternate condition 
have a single cutoff value of for alle. 

3) For m>1 all modes have some cutoff 
value. The principal mode for »=1 has no 
cutoff. There is no “degeneracy” of the 
modes for »>1 as there is for »=1 modes, 
as described by Beam [1]; that is, each 
mode has its own distinct cutoff point. 

4) There is a unique principal mode for 
all n. 

5) The existence of an additional mode 
between successive Schelkunoff modes re- 
duces the upper frequency limit at which a 
pure principal mode may propagate below 
what the limit would be if only Schelkunoff 
modes existed, as follows. 

The p-g curves may be used to deter- 
mine the frequency dependence of the mode 
propagation with the aid of the additional 
relation 


P+Pe=R (7) 


where R=(2a/X)r\/e—1. This indicates 
that for a given dielectric rod of radius a, 
the actual values of p and g may be found 
at the intersection of the p-g curves with a 
superimposed circle of radius R correspond- 
ing to the frequency of operation for which 
the free-space wavelength is Xo. To insure 
the propagation of a unique mode, the circle 
must intersect the p-g curves only once. 
For the principal mede, this means that the 
upper limit of R, and hence of frequency, is 
determined by the requirement that R< po, 
where J,(po)=0. The lower limit of fre- 
quency is of course determined by the cutoff 
value of p (see Fig. 3). 

It is now seen that there is no degeneracy 
to impose a notational distinction, so that 
the modes could be simply numbered suc- 
cessively. In the interest of conforming to 


p off mode 
I Le mode 
J, =o p, < se Princ! mlrmade 
(Schelkun off) 
J = £(n,e) 


Fig. 3—-Determination ot operating point Q corre- 
sponding to a given frequency by superposition of 
a circle of radius R on p —g curves. 
1 2a ij 
ind) 2 =e R=—rve-l. 
(wn — 1)(e + 1) Xo 
1) Lower limit of R. 2) Typical R. 3) Upper limit 
of R. 4) R>po. 5) Upper limit of R in absence of 
alternate modes. Q: operating point for typical R. 
Qi, Qe: two operating points for R>pe: impure 
mode. Ip, Jg: useful ranges of #,q, for pure prin- 
cipal mode. 


Correspondence 


the nomenclature for »=1, however, and 
in order to preserve the distinction be- 
tween the modes that satisfy the Schellkunoff 
cutoff condition and those that satisfy the 
alternate condition, the HEym, EHym dis- 
tinction is retained here, starting with HE. 
for the principal mode. 

An attempt to verify a possible distinc- 
tion between H- and E-type modes for 
the general case of any n, as suggested by 
Wegener and others [1], [7] for »=1, has 
not been found by the authors to lead to 
consistent results. The designation here of 
a mode as HE,,,, is hence not to be construed 
as an indication that the mode must be 
H type. 

The existence of the alternate cutoff con- 
dition, (5), has been confirmed independently 
using approximation methods by Snitzer 
[9] in the course of his investigation into 
the optical properties of thin fibers. 

S. P. SCHLESINGER 
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Columbia University 
New York, N. Y. 


BIBLIOGRAPHY 


[1] R. E. Beam, M. M. Astrahan, W. C. Jakes, H. M. 
Wachowski, and W. L. Firestone, “Dielectric 
Tube Waveguides,” Northwestern University, 
Evanston, 1.1., Rept. ATI 94929, ch 5; 1959. 

(2] D. D. King, “Dielectric image line,” J. Appl. 
Phys., vol. 23, pp. 699-700; June, 1952. 

[3] S. P. Schlesinger, and D. D. King, “Dielectric 
image lines,” IRE TRANS. ON MICROWAVE THEORY 
AND TECHNIQUES, vol. MTT-6, pp. 291-299; July, 
1958. 

[4] S. A. Schelkunoff, “Electromagnetic Waves,” D. 
Van Nostrand Co., Inc., New York, N. Y., p. 
427; 1943. 

[5] W. M. Elsasser, “Attenuation in a dielectric cir- 
cular rod,” J. Appl. Phys., vol. 20, pp. 1193-1196; 
December, 1949. 

[6] C. H. Chandler, “An investigation of dielectric 
rod as waveguide,” J. Appl. Phys., vol. 20, pp. 
1188-1192: December, 1949. 

[7] H. Wegener, “Ausbreitunsgeschwindigkeit, Wel- 
lenwiderstand, und Dampfung_ electromag- 
netischer Wellen an dielektrischen Zylindern,” 
Forschungsbericht Nr. 2018, Deutsch Luftfahrt- 
forschung, Vierjahresplan, Institut fiirSchwingungs- 
forschung, Berlin; August 26, 1944. (Document 
No. ZWB/FB/Re/2018, CADO Wright-Patterson 
AF Base, Dayton, Ohio.) 

[8] G. N. Watson, “A Treatise on the Theory cf Bes- 
sel Functions,” The Macmillan Co., New York, 
N. Y.; 1944. 

(9] E. Snitzer, American Optical Co., Southbridge, 
Mass. Personal communication. 


A Property of Symmetric Hybrid 
Waveguide Junctions” 


It is well known that in symmetric 
hybrid junctions such as the short-slot, 
branched-guide, and transvar types, the 
signals in the main and auxiliary guides are 
in phase quadrature. Another property of 
fully symmetric lossless hybrids is that if all 
the arms are matched, the amplitudes of the 
waves traveling in the reverse direction in 
the main and auxiliary guides are equal. A 
proof is given below. 

Since in a well-designed hybrid these 
amplitudes will be of the order of 0.03 or 
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less, relative to the input, this is not an easy 
fact to observe experimentally. However, 
if the measured VSWR and isolation of such 
a hybrid are inconsistent, one may reflect 
that this must be because of 


1) experimental error, 

2) mismatch of terminations or bends 
introduced for purposes of measure- 
ment, 

3) asymmetry allowed by manufactur- 
ing tolerances, 

4) ohmic loss. 


Proof: Let arms 1-3 be the main guide, and 
arms 2-4 the auxiliary guide. If the hybrid 
is fully symmetric its scattering matrix will 
have the form, 


A 
B 
€ 


bh & 
Ss) OS Sie 
es! GS} 


Dae 


where A and B are small, and Cand D have 
approximately equal amplitude. If the 
hybrid is lossless, S is unitary, which gives 
us ‘ 


Re (AB) + Re (CD) = 0, , (1) 
Re (AC) + Re (BD) = 0, (2) 
Re (AD) + Re (BC) = 0, (3) 


where the bar denotes the complex conju- 
gate. Let A=Ai+jA, and similarly for B 
and D, and let the reference planes be chosen 
so that C is real. Then (1) shows that Di 
is a second-order small quantity, leading to 
the first property that C and D are in quad- 
rature. 

Putting D=jC, we have from (2) and 
(3), respectively, 


A; = — By, 
Ao — i By. 
Hence A = —j7B, and A and B have the same 


amplitude. 

I wish to thank T. A. Williams for help- 
ful comments, and the Executive of the 
AEI Electronic Apparatus Division and the 
Board of the BTH Company for permission 
to publish this note. 
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Attenuation in a Resonant 
Ring Circuit* 


The use of a resonant circuit will permit 
raising the strength of electromagnetic fields 
to values considerably higher than that 
available directly from a transmitter. In the 
usual resonant cavity, standing waves exist 
which may raise some doubt as to the use- 
fulness of this method for testing certain 
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Fig. 1—Resonant ring circuit. 
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Fig. 2—Resonant ring characteristics with 
power gain as the parameter. 
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Fig. 3—Resonant ring power gain with 
coupling coefficient as the parameter. 


components. This is because maximum elec- 
tric fields do not occur at the same location 
as the maximum magnetic fields. To over- 
come this doubt, a resonant ring circuit can 
be employed! 2:3 (see Fig. 1). In this circuit, 
the waves are ideally unidirectional and it is 
possible to obtain “power-level multiplica- 
tion” of 10 to 50 times the transmitter out- 
put. The amount of multiplication depends 
on the value of the directional coupler and 
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is very sensitive to the attenuation in the 
ring circuit.2% The purpose of this brief 
paper is to illustrate these dependences in 
convenient graphical form. 

If the ring circuit is properly matched 
in impedance! and the phase shifter is ad- 
justed for resonance condition, the power 
“multiplication” or gain PG is given by 


@ 2 
6 =| =a) 


where 


C=voltage coupling coefficient of the di- 
rectional coupler, less than unity, 

k=10-*/, a voltage ratio less than unity, 
and 

a=one-way attenuation around the ring, 
in db. 


This power gain equation is plotted in 
Figs. 2 and 3. For example, if a power gain 
of 20 is desired and the ring circuit attenua- 
tion is 0.2 db, either an 11- or 16-db coupler 
is needed. 
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General Electric Microwave Lab. 
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Reciprocal Ferrite Phase Shifters* 
On HIGHER ORDER MopDEs 


The Reggia-Spencer phase shifter! has 
been the subject of a great deal of investiga- 
tion? * because of the large amounts of 
phase shift possible with a relatively simple 
construction. 

Rizzi and Gatlin® have proposed a model 
which qualitatively explains most of the 
observed phenomena associated with this 
type of phase shifter. Their explanation 
centers about the fact that only large 
amounts of phase shift are observed when 


the ferrite exceeds a critical diameter given 
by 


C 
>=, | 1 
> TI06f Vz TAS. 
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Fig. 1—Calculated and experimental curves of maxi- 
mum diameter for suppression of higher-order 
modes as a function of frequency for RG 52/u 
waveguide. Device uses R-1 ferrite. 
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Fig. 2—Change of phase length with temperature us- 
ing constant bias current of 85-ampere turns. RF 
frequency, 10.0 kmc. R-1 ferrite 0.250 diameter. 
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shifter using an 85-ampere turn bias for various 
temperatures. RF frequency, 10.0 kmc. 
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Fig. 4—Peak-to-peak phase modulation as a function 


of temperature with a constant bias of 85 ma, and 
a modulation current of +60 ma at 500 cps. 
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where 


C=velocity of light, 
f=frequency, 
e=dielectric constant. 


It is at this diameter that orthogonal TE, 
modes can propagate in the ferrite acting as 
a dielectric waveguide. We have observed 
an additional phenomena which can also be 
explained by this dielectric waveguide 
model. This effect is discussed by Weiss‘ and 
is associated with the large amount of 
periodic loss which occurs as one increases 
the microwave frequency above a critical 
value. I believe a simple explanation of this 
behavior can be attributed to the excitation 

of the next higher order mode, the TMa1. 
’ This mode can only propagate in the ferrite 
region and is not matched to the rectangular 
waveguide by the transformer that matches 
the TEn mode. Multiple reflections, there- 
fore, occur between the ferrite ends with 
periodic losses resulting. In a similar manner 
to that used by Rizzi and Gatlin, the fre- 
quency at which this mode propagates is 
computed by 
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De 
1.309 d/e 


(2) 


The dashed curve in Fig. 1 has been calcu- 
lated using this relationship with e=13. 
Also presented is an experimental curve ob- 
tained with R-1 ferrite. The two curves 
show a general agreement. Some of the dif- 
ferences in the two curves can be possibly 
explained by the value of e used as well as 
the effect of the waveguide height. Since 
all the microwave energy is not trapped to 
the ferrite, especially at low applied fields, a 
reduction in the narrow dimension should 
raise the frequency at which the TM: mode 
can propagate. We have experimentally ob- 
served the above to be true. 


On TEMPERATURE SENSITIVITY 


The temperature sensitivity of the 
Reggia-Spencer phase shifter has been of 
concern in those applications which require 
precise phase control or phase modulation. 
In applications that require both phase ad- 
vances and delays, bias currents are re- 
quired because of the reciprocal nature of 
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the phase shifter. The phase delay, as a 
function of temperature at a bias point of 85 
ampere-turns for R-1 ferrite 1.4 inches long 
with 0.6-inch conical tapers, is shown in 
Fig. 2. It can be observed that over very 
large temperature ranges as much phase 
shift can be obtained from this effect as from 
applied magnetic fields. 

The type of phase modulation char- 
acteristics obtainable about the 85-ampere- 
turn bias points as a function of tempera- 
ture, is shown in Fig. 3. These curves are 
plotted on a relative basis; 7.e., they all use 
the same zero field phase-shift value. Note 
that the peak-to-peak phase shift is quite 
constant. This is illustrated by Fig. 4, which 
indicates the variation in the peak-to-peak 
phase shifts as a function of temperature. 
There is a fairly large range of temperature 
possible with little change in phase modula- 
tion characteristics. Threfore, if one desires 
to use these devices as phase modulators it 
is possible to do so with little change in the 
index of modulation with temperature. 
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components. In 1955 he joined the Space 
Technology Laboratories, Inc., Los Angeles, 
Calif., where he is presently employed. 


H. E. Kine 
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Ronold W. P. King (A’30-SM’43-F’53) 
was born in Williamstown, Mass., on Sep- 
tember 19, 1905. He received the A.B. degree 
in 1927 and the S.M. degree in 1929, both 
from the University of Rochester, Rochester, 
N. Y., where he majored in physics. He was 
awarded the Ph.D. degree by the University 
of Wisconsin, Madison, in 1932 after having 
done graduate work at the University of 


Contributors 


Munich (Germany), and Cornell University, 
Ithaca, N. Y. 

He served as teaching and research as- 
sistant at the Uni- 
versity of Wisconsin 
in 1932-1934 and as 
instructor and as- 
sistant professor of 
physics at Lafayette 
College, Easton, Pa., 
in 1934-1937. The 
year 1937-1938 he 
spent in Germany as 
a Guggenheim Fel- 
low. In» 1938 he 
joined the faculty of 
Harvard University, 
Cambridge, Mass., where he advanced to the 
rank of professor in 1946. He is now Gordon 
McKay Professor of applied physics at Har- 
vard University. In 1958 he studied and 
traveled abroad as a Guggenheim Fellow. 
His research has been primarily in the field 
of antennas, transmission lines, and micro- 
wave circuits. 

Dr. King is a Fellow of the American 
Physical Society and the American Acad- 
emy of Arts and Sciences, a corresponding 
member of the Bavarian Academy of Sci- 
ences, and a member of the American As- 
sociation of University Professors and the 
American Association for the Advancement 
of Science. He is also a member of Phi Beta 
Kappa and Sigma Xi. 


Re Wie KING: 


Hiroshi Kogo(M’ 55) was born on August 
16, 1921, in Tokyo, Japan. He received the 
B.S. degree in electrical engineering in 1944 
from the Tokyo In- 
stitute of Technol- 
ogy, and the Ph.D. 
degree in engineering 
in 1958 from the 
same institution 


From 1946 to 
1947 he was em- 
by the Nippon Acous- 


tic Co., and from 1947 
to 1952 he worked 
for the Electro-Com- 
munication Univer- 
sity in Tokyo. Since 
1952 he has been an assistant professor in 
the faculty of engineering, Chiba University, 
Chiba, Japan. 

Dr. Kogé is concerned with the develop- 
ment of microwave circuits, special BALUN, 
antennas, television receivers and ITV. 


H. Koco 


Ellis Mount (M’56) was born in Conners- 
ville, Indiana, on September 25, 1921. He 
received the B.S. degree in physics from 
Principia College, Elsah, Illinois, in 1948, 
and the M.S. degree in physics from North- 
western University, Evanston, IIl., the 
following year. In 1950 he received an M.S. 
degree in Library Science from the Univer- 
sity of Illinois. 
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He served for three years as a communi- 
cations officer in the Air Force. He was on 
the staff of the John Crerar Library in Chi- 


cago, Illinois, from 
1950-1951 and again 
from 1953-1955. 


From 1951-1953 he 
was librarian for the 
General Electric 
Company, Aircraft 
Nuclear Propulsion 
- Project, Cincinnati, 
/ -_ Ohio. Since 1955 he 
CX has been Chief Li- 
brarian for ITT Lab- 
oratories, a Division 
of International Tele- 
phone and Telegraph Corporation, Nutley, 
New Jersey. 
Mr. Mount belongs to the 
Libraries Association and the 
Documentation Institute. 


E. Mount 


Special 
American 


2, 
~~ 


Gilbert H. Owyang was born in Tientsin 
China. He received the B.S. degree in elec- 
trical engineering from La Universitato 
Utopia, Shanghai, 
China, in 1944, and 
the S.M. degree in 
electrical engineering 
in 1950, -and the 
Ph.D. degree in ap- 
plied physics in 1959, 
both from Harvard 


University, Cam- 
bridge, Mass. 
From 1944 to 


1949, he worked with 
the Shanghai Power 
Company, China, as 
an engineer. He was on the engineering staff 
of Devanco, Inc., and Frank L. Capps and 
Company, both in New York, N. Y., be- 
tween 1950 and 1954, and from 1955 to 1959, 
was a research assistant at Gordon McKay 
Laboratory, Harvard University. Since June 
1959, he has been with the Radiation Lab- 
oratory of the University of Michigan, Ann 
Arbor. 

Dr. Owyang is a member of Sigma Xi 
and the Harvard Engineering Society. 


G. H. OWYANG 


D. A. Parkes (S’57—M’58) was born on 
October 21, 1931, in Jacksonville, Florida. 
He received the Bachelor of Electrical En- 
gineering degree, in 
1958, from the Uni- 
versity of Florida, 
in Gainesville. 

In 1958, he joined 
the Sperry Micro- 
wave Electronics 
Company, in Clear- 
water, Florida, a di- 
vision of the Sperry 
Rand Corporation. 
There, he has been 
engaged in the de- 
velopment of ferrite 
microwave components and solid-state de- 
vices. 


D. A. PARKES 
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H. J. Riblet (A’45-M’55-F’58), for a 
photograph and biography, please see page 
306 of the July, 1959, issue of these TRANS- 
ACTIONS. 


Lester A. Roberts (S’47—A’50) was born 
in Los Angeles, Calif., on July 31, 1925. He 
received the B.S. degree in electrical engi- 
neering from Iowa 
State College, Ames, 
in 1946, and the M.S. 
and Ph.D. degrees 
from Stanford Uni- 
versity, Stanford, 
Calif., in 1947 and 
1951, respectively. 

From 1950 to 
1954 he was a re- 
search associate at 
the Electronics Re- 
search Laboratory, 
Stanford University, 
engaged primarily in the study and develop- 
ment of traveling-wave tubes and related 
microwave devices. From 1954 to 1959 he 
was employed at Huggins Laboratories as 
chief engineer, where he directed design 
and development of traveling-wave tubes. 
In 1959 he joined the Watkins- Johnson Com- 
pany as a member of the Technical Staff, 
where he is conducting research and devel- 
opment on microwave electron devices. 

Dr. Roberts is a member of Sigma Xi, 
Tau Beta Pi, and Eta Kappa Nu. 


L. A. ROBERTS 
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Norman O. Robinson, Jr. (S’54-M’56) 
was born in Baltimore, Maryland on Janu- 
ary 26, 1928. He received the B.S. degree 
from the University 
of Maryland, College 
Park, in 1955 and the 
M.S. degree from the 
University of South- 
ern California, Los 
Angeles, in 1957, 
both in electrical en- 
gineering. 

He served with 
the U.S! Marine 
Corps as a radar 
technician and as an 
instructor in an ad- 
vanced electronics school from 1946 to 1949, 
Recalled to active duty during the Korean 
War, he was a member of a team developing 
an automatic close air support bombing 
system at Point Mugu, Calif. He worked in 
the missile division of Sperry Gyroscope 
Company, Point Mugu, Calif., in 1952, and 
in the research and development depart- 
ment of Bendix Radio Company, Baltimore, 
Md., in 1953. 

Mr. Robinson joined the technical staff 
of the Hughes Aircraft Company, Culver 
City, Calif., in 1955, as a member of the 
Master of Science fellowship program. He 
has been involved in the development of cir- 
cuitry for pulse and pulse doppler radar sys- 
tems, with emphasis on design of frequency 
and phase locked loops. 

He is a member of Tau Beta Pi. 


N. O. Rospinson 
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E. Schlémann, for a photograph and 
biography, please see page 126 of the Jan- 
uary, 1960 issue of these TRANSACTIONS. 
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C. B. Sharpe (S’46-A’52) was born in 
Windsor, Ontario, Can., on April 8, 1926. 
He attended Northwestern University, 
Evanston, Ill., and 
the University of 
Michigan, Ann Ar- 
bor, Mich., receiving 
the B.S. degree in 
electrical engineering 
from the latter in 
1947. He received the 
S.M. degree from 
Massachusetts Insti- 
tute of Technology, 
Cambridge, Mass., in 
1949 and the Ph.D. 
degree from the Uni- 
versity of Michigan in 1953, both in elec- 
trical engineering. 

From 1953 to 1955 he served as assistant 
project officer in the guided missile branch 
of the U. S. Navy Bureau of Ordnance and 
as a technical aide in the Office of Naval Re- 
search. 

Since returning to the University of 
Michigan in 1955, he has done research in 
microwave circuit theory, microwave meas- 
urements of ferroelectrics, and the applica- 
tion of solid-state materials to microwave 
devices. 

He now holds the title of associate pro- 
fessor of electrical engineering at the Uni- 
versity and is a faculty consultant to the 
Electronic Defense Group. 

Mr. Sharpe is a member of Tau Beta Pi 
and Sigma Xi. 


C. B. SHARPE 


William Silvey was born in New York, 
N. Y. on April 13, 1931. He received the 
B.S. degree in applied physics in 1956 and 
the M.S. degree in 
applied physics in 
1959 from the Uni- 
versity of California, 
Los Angeles. 

From 1956 to 
1959, he was a mem- 
ber of the technical 
staff at Hughes Air- 
craft Co. Research 
Laboratories, Culver 
City, Calif. There 

W. SILVEY Mr. Silvey worked 

in the Quantum Phys- 

ics Section and was primarily concerned with 
microwave spectroscopy and maser research. 

Since 1959, when he joined Space Tech- 
nology Operations of Aeronutronic, a division 
of Ford Motor Company, Newport Beach, 
Calif., he has been engaged in the coordina- 
tion and integration of experiments in Cis- 
Lunar research vehicles, 

Mr. Silvey is a member of the American 
Physical Society. 
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Malcolm L. Stitch (SM’58) was born on 
April 23, 1923 in Elizabeth, N. J. He at- 
tended Rensselaer Polytechnic Institute, 


ABmopg, IN, WA, taco 
1940-1943. After 
military service in 


the Army, he - re- 
ceived the B.S. de- 
gree in physics, and 
the B.A. degree in 
French literature 
from Southern Meth- 
odist University, 
Dallas, Texas, in 
1957. He _ entered 
Columbia __ Univer- 
sity, New York, 
N. Y., and received the Ph.D. degree in 
physics in 1953. While at Columbia, he 
was an instructor in physics at Cooper 
Union, New York, N. Y., and Sarah Law- 
rence College, Bronxville, N. Y., and re- 
search assistant at the Columbia Radiation 
Laboratory. His field of interest was high- 
temperature microwave spectroscopy. 

From 1953-1956 he was at the Research 
Laboratories of Varian Associates, Palo 
Alto, Calif., where he made contributions in 
microwave spectroscopy and microwave 
stabilization by high-Q cavities. He joined 
the Atomic Physics Department of Hughes 
Aircraft Company, Culver City, Calif., in 
1956 where he has made contributions to 
the physics ahd technology of masers. He is 
currently Head of the Atomic Resonance 
Group, and senior staff physicist. 

Dr. Stitch isa member of Sigma Xi, The 
New York Academy of Science, RESA, The 
American Physical Society, American Asso- 
ciation of Physics Teachers, AAAS, FAS, 
Physical Society of Japan and Societa Ita- 
liana di Fisica. 


M. L. StitcH 
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Archie W. Straiton (M’47-SM’49-F’53) 
was born in Arlington, Tex. on August 27, 
1907. He received the B.S. degree in elec- 
trical engineering, 
the M.A. degree and 
the Ph.D. degree, all 
from the University 
of Texas, Austin. 

He taught at 
Texas College of 
Arts and Industries, 
Kingsville, from 1931 
to 1943. Since 1943 
he has been at the 
University of Texas, 
where he is now pro- 
fessor of electrical 
engineering and director of the Electrical 
Engineering Research Laboratory. 

Dr. Straiton is a member of Eta Kappa 
Nu, Tau Beta Pi, Sigma Xi and American 
Society for Engineering Education. He is 
a former member of U.S. A. National Com- 
mittee and chairman of Commission II of 
the International Scientific Radio Union. 


A. W. STRAITON 
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Donald J. Sullivan (S’51—A’54—M’57) 
was born on Staten Island, New York, N. Y. 
on October 19, 1932. He received the B.S. 


1960 


degree in electrical engineering from Man- 
hattan College, New York, N. Y. in 1954. 
After graduation he joined the Sperry 
Gyroscope Company, 
Great Neck, N. Y., 
as an assistant engi- 
neer in the Micro- 
wave Component 
Group. In 1957, he 
moved to Clearwater, 
IMs” ite) ASSGe shel 
starting the newly- 
formed Sperry Mi- 
crowave Electronics 
Company. 

Since joining the 
company, he _ has 
been engaged in research and development 
work on high-power and low-frequency solid- 
state components. He is a senior engineer 


D. J. SULLIVAN 


Contributors 


and group leader in the Advanced Micro- 
wave and Solid-State Devices Group. 
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Charles Siisskind (A’47—M’52-SM’53) 
was born in 1921, in Prague, Czechoslovakia, 
and received his secondary education in 
Czechoslovakia and in Great Britain. He 
graduated from the California Institute of 
Technology, Pasadena, in 1948, and received 
the M. Eng. and Ph.D. degrees froni Yale 
University, New Haven, Conn., in 1949 and 
1951, respectively. 

During the war, he served with the 8th 
Air Force in Europe as an airborne-radar 
specialist. From 1951 to 1955, he was a re- 
search associate at Stanford University, 
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where he also acted (after 1953) as lecturer 
in electrical engineering and assistant to the 
director of the Microwave Laboratory. In 
1955, he joined the 
electrical  engineer- 
ing faculty of the 
University of Cali- 
fornia, Berkeley, 
where he is now as- 
sociate professor. 

Dr. Siisskind is 
an associate member 
of the British IRE, 
and a member of the 
American Physical 
Society, the Ameri- 
can Society for Engi- 
neering Education, the History of Science 
Society, the History of Technology Society, 
Sigma Xi, and Tau Beta Pi. 


C. SiissKIND 


260 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


March 


PGMTT National Symposium 


HoreL Det Coronapo, SAN Dreco, CAtir., May 9-11, 1960 


Welcome and Opening Remarks 
Monday Morning, May 9 


D. Proctor, Chairman of the 1960 PGMTT 
National Symposium. 

A. A. Oliner, National Chairman of the 
PGMTT. 


Session 1—Microwave Components and 
Systems 


Chairman: 7. N. Anderson, FX R Inc., 
Long Island City, N.J. 

“New Developments in Microwave 
Communications Systems,” C. C. Cutler, 
Bell Telephone Labs., Holmdel, N. J. 

“Mode Conversion in Helix Waveguide,” 
H.G. Unger, Bell Telephone Labs., Holmdel, 
Nees 

“Some Properties of Dielectric Loaded 
Slow Wave Structures,” G. B. Walker and 
C.G. Engelfield, Univ. of British Columbia, 
Vancouver, B. C., Canada. 

“UHF Strip Transmission Line Hybrid 
Junction,” I. Tatsughuchi, Bell Telephone 
Labs., Whippany, N. J. 

“A Variable Slope, Non-Dispersive Mi- 
crowave Phase Shifter,” G. D. Carey and 
R. E. Hovda, Autonetics, Div. of North 
American Aviation, Downey, Calif. 

“A Wide-Band Turnstile Junction and 
Direction Finding Antenna,” R. C. Honey 
and J. K. Shimizu, Stanford Res. Inst., 
Menlo Park, Calif. 

“Microwave Phase Analyser,” K. D. 
Claborn and R. E. Jones, Bendix Radio, Div. 
of Bendix Aviation Corp., Baltimore, Md. 


Monday Afternoon 
Session 2—Parametric Amplifiers 


Chairman: A. Berk, Research Labs., 
Hughes Aircraft Co., Culver City, Calif. 

“Gallium Arsenic Point Contact Diodes,” 
W. M. Sharpless, Bell Telephone Labs., 
Holmdel, N. J. 

“Characterization of Microwave Variable 
Capacitance Diodes,” S..T. Eng., Develop- 
ment Lab., Hughes Semiconductor Div., New- 
port Beach, Calif. 

“A Perturbation Theory for Parametric 
Amplifiers,” R. H. Kingston and A. L. 
McWhorter, Lincoln Lab., M.I.T., Lexing- 
ton, Mass. 

“A Study of the Optimum Design of 
Wideband Parametric Amplifiers and Up- 
Converters,” G. L. Matthaei, Stanford Res. 
Inst., Menlo Park, Calif. 

“A Low-Noise X-Band Parametric Am- 
plifier,” R. D. Weglein, Research Labs., 
Hughes Aircraft Co., Culver City, Calif., and 
F. Keywell, Semiconductor Div., Hughes 
Producis, Costa Mesa, Calif. 

“A Four Terminal Low Noise Parametric 
Microwave Amplifier,” W. Eckhardt and 
F. Sterzer, RCA, Princeton, N. J. 

“Design and Operation of Four-Fre- 
quency Parametric Up-Converters,” J. A, 
Luksch, E. W. Matthews and G. A. VerW’ys, 
RCA, Moorestown, N. J. 


“A Study of the Iterated Traveling- 
Wave Parametric Amplifier,” C. V. Bell, 
Walla Walla College, College, Park, Wash. 


Monday Evening 
Session 2A—Parametric Amplifiers 


Panel Discussion: A. Berk, Research 
Labs., Hughes Aircraft Co., Culver City, 
Calif.; C. J. Carter, Space Technology Labs., 
Los Angeles, Calif.; J. C. Green, Airborne 
Instruments Lab., Melville, L.I., N. Y.; 
E. M. T. Jones, Stanford Res. Inst., Menlo 
Park, Calif.; N. Uenohara, Bell Telephone 
Labs., Murray Hill, N. J.,G. Wade, Stanford 
Univ., Stanford, Calif. 


Tuesday Morning, May 10 
Session 3—Ferrites 


Chairman: N. Sakiotis, Motorola, Inc., 
Scottsdale, Ariz. 

“Non-Linear Effects in Ferrites,” M. 
Weiss, Research Labs., Hughes Aircraft Co., 
Culver City, Calif. 

“Ferroxplane Type Materials at Micro- 
wave Frequencies,” I. Bady, U. S. Army 
Signal Res. and Dev. Lab., Fort Monmouth, 
INE, de 

“Antiferromagnetic Materials for Milli- 
meter and Sub-millimeter Devices,” G. S. 
Heller and J. J. Stickler, Lincoln Lab., 
M.I.T., Lexington, Mass. 

“Design Problems Associated with Rec- 
tangular Waveguide Reciprocal Phase- 
shifters,” A. Clavin, RANTEC Corp, 
Calabasas, Calif. 

“Magnetstatic Modes and Ferrites with 
Conventional Waveguide Geometries,” G. P. 
Rodrigue, Sperry Microwave Electronics Co., 
Clearwater, Fla. 

“Wide Band Resonance Isolator,” V7. W. 
Anderson and M. E. Hines, Bell Telephone 
Labs., Murray Hill, N. J. 

“An Electrically-Variable, Reciprocal 
Ferrite Phase Shifter,” R. W. Kordos and 
V. J. McHenry, Research Labs. Div., 
Bendix Aviation Corp., Detroit, Mich. 


Tuesday Afternoon 


Session 4—Millimeter Waves and Diode 
Applications 


Chairman: P. Vartanian, Melabs, Palo 
Alto, Calif. 

“Millimeter Wave Generation,” B. Ep- 
satein, Microwave Res. Inst., Brooklyn, N. Y. 
(on leave from Compagnie General TSE, 
France) 

“Millimeter Wave Generation by Para- 
metric Methods,” G. H. Heilmeier, RCA 
ae David Sarnoff Res. Center, Princeton, 

“A Pulsed Ferrimagnetic Microwave 
Generator,” B. J. Elliott, T. Schaug- Petersen 
and H. J. Shaw, Stanford Univ., Stanford, 
Calif. 

“Maser Operation at Signal Frequencies 
Higher Than the Pump Frequency,” F. R. 
Ames, Airborne Instruments Lab., Melville, 
1B He Naa 


“Generation of Microwaves by Means of 
Esaki Diodes,” R. F. Rutz, Research Labs., 
IBM, Poughkeepsie, N. Y. 

“The Large Signal Behavior of a Cavity 
Type Parametric Amplifier,” F. A. Olson 
and G. Wade, Stanford Univ., Stanford, 
Calif. 

“A Solid State Microwave Source from 
Reactance Diode Harmonic Generators,” 
T. M. Hyltin and K. L. Kotzebue, Texas 
Instruments, Dallas, Tex. 


Wednesday Morning, May 11 


Session 5—Microwave Propagation in 
Plasmas and Solids 


Chairman: L. Goldstein, Univ. of Illinois, 
Urbana. 

“Propagation of Waves in a Plasma in a 
Magnetic Field,” W. Allis, Research Lab. of 
Electronics, M.I.T., Cambridge, Mass. 

“Plasma-Electromagnetic Interaction,” 
N. Marcuvitz, Microwave Res. Inst., Poly- 
technic Institute of Brooklyn, Brooklyn, 
Ne 

“Magnetoplasma Effects in Semicon- 
ductors,” B. Lax, Lincoln Labs., M.I.T., 
Lexington, Mass. 

“Coherent Excitation of Plasma Oscilla- 
tions in Solids,” D. Pines, Univ. of Illinois, 
Urbana (work done at General Dynamics 
Corp., San Diego, Calif.) 

Panel Discussion: O. T. Fundingsland, 
Raytheon Mfg. Co., Waltham, Mass.; R. 
Gould, California Institute of Technology, 
Pasadena; H. Margenau, Yale Univ., New 
Haven, Conn.; R. F. Whitmer, Sylvania 
Electronic System, Mountain View, Calif. 


Wednesday Afternoon 


Session 6—Filters and Measurements 


Chairman: K. Tomiyasu, General Elec- 
tric Microwave Lab., Palo Alto, Calif. 

“Lossy Waveguide Resonators,” H. 
Riblet, Microwave Development Labs., Inc., 
Wellesley, Mass. 

“Peak Internal Fields in Direct Coupled 
Cavity Filters,” L. Young, Westinghouse 
Electric Corp., Baltimore, Md. 

“Strip Transmission Line Directional 
Filter,” R. L. Sleven and P.E. Dorato, Air- 
borne Instruments Lab., L. I., N. Y. 

“Application of the Smith Chart to 
Problems of Propagation in a Magneto- 
Ionic Medium,” G. A. Deschamps and W. L. 
Weeks, Univ. of Illinois, Urbana. 

“Microwave Measurements of Electron 
Attachment Rates,” V. A. J. van Lint and 
E. G. Wilkner, General Atomic, Div. of Gen- 
eral Dynamics Corp., San Diego, Calif. 

“Fractional Millimicrosecond Electrical 
Stroboscope,” W. M. Goodall and A. F. 
Dietrich, Bell Telephone Labs., Holmdel, 
Neda 

The banquet speaker at the PGMTT 
National Symposium will be W. E. Edson of 
the General Electric Co., Palo Alto, Calif., 
who will speak on “Microwave Power 
Sources of the Future.” 
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Beckett, H. F. 
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Berger, U.S. 
Bergmann, S. M. 
Bergstad, P. A 
Bibbins, L. L. 
Blacksmith, P., Jr. 
Blaisdell, A. A. 
Blake, C. 
Blanchard, R. L. 
Blender, M. I. 


Bolinder, E. F. 
Bonfeld, M. D. 
Booth, A. E. 
Borghetti, J. C. 
Borts, R. B. 
Boudreau, J. M. C. 
Bougas, A. C. 
Bowness, C. 
Braden, R. S. 
Branche, J. R. 
Broderick, D. C. 
Brooks, R. O. 
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Brown, C. 

Brown, D. F. 
Brown, N. J. 
Brunton, R. H., III 
Bryant, W. E. 


Buckley, E. F. 


Burdine, B. H. 


_ Burnham, P. E. 


Byck, D. M. 
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Clark, N. F. 


 Clougherty, J. F. 


Cogdell, J. R. 
Cohen, A. 
Cole, B. R. 
Coling, F. L. 
Collins, R. M. 
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Crandell, P. A. 
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Roster of PGMTT Membets 


Listed by IRE Regions and Sections, as of March 1, 1960 


Crowley, D. J., Jr. 
Cuming, W. R. 
DaMocogno, N. G. 
Dandreta, W. 


Danforth, W. C., Jr. 


Day, A. R. 
Delacey, E. M. F. 
Delaney, W. P. 
DeMattos, R. F. 
Denman, J. G. 
DeTurris, J. M. 
Dobson, A. M. 
Dodds, W. 
Dombrowski, G. E. 
Domenichini, C. P. 
Dominick, F. J. 
Donohue, J. F. 
Duffy, J. F. 
Duffy, J. M. 
Dunbar, E. E. 
Duncan, K. W. 
Duross, C. Je 
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Edwards, L. C. 
Eisenstadt, B. M. 
Eklund, A. M. 
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Ewen, H. I. 
Faflick, C. E. 
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Foss, D. W. 

Foyt, A. G. 

Fried, C. 

Friis, R. W. 
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From, W. H. 
Frost, A. D. 
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Evenson, E. K. 
Foster, K. S. 
Gahler, W. J. 
Grosz, W. S. 
Haxby, B. V. 
Holte, J. E. 
Johnson, R. R, 
Kanda, A. F. 
Kellough, S. H. 
Kerske, J. F. 
Lindgren, G. E. 
Nordstrom, J. E. 
Raabe, H. P. 
Rossing, T. D. 
Sikorski, J. W. 
Spencer, W. H. 
Sturges, D. J. 
Van Der Ziel, A. 


Region 6 


Beaumont-Port Arthur 


Bean, D. L. 
Thompson, A. R. 
Walley, J. 


Dallas 


Anderson, J. 
Allen, M. B. 
Bailey, R. W. 
Bechtel, B. 
Blackwell, L. A. 
Bondy, M. A. 
Bonner, J. H. 
Breithaupt, J. J. 
Bullock, M. W. 
Carr, W. B. 
Coats; Re Ps 
Cuesta, N., aes 
Davis, ©. oie 
Douglas, T ish 
Earhart, C. E. 
Forsyth, P. G. 
Geia, A. J. 
Granberry, D. S. 
Grubbs, W. C., Jr. 
Hallford, B. R. 
Hertel, P., Jr. 
Hyltin, T. M. 
Jackson, H. J. 
Kaiser, R. L. 
Kearley, R. I., Jr. 
Kettler, E. W., Jr. 
Kuehne, W. 
Landis, De W.., Jr. 
Langston, AB W. 
Lee, (ey 
Lovelady, B. W. 
Martin, E. E. 
Mason, A. E., Jr. 
McCord, A. R. 
McMillin, J. M., Jr. 
Petrasek, A. C. 
Petritz, R. L. 
Sanford, A. L, 
Sharp, F. B., Jr. 
Shuffler, R. M. 
Stanton, A. N. 
Stone, R. M. 
Strom, L. D. 
Thomas, C. T. 
Thompson, W. J. 
Vandigriff, J. E. 
Vilbigs J. Ls Jr 
Vincent, B. T., Jr. 
Ware, P. M., Jr. 
Warriner, B. 
Wetterau, L. C., Jr. 
Wilkinson, M. M. 
Williams, C. E, 
Wunsch, D. E, 


Denver 


Allred, C. M, 
Andrews, J. A. 
Barnes, F. S, 
Beatty, R, W. 
Bennetti, J. B., Jr. 
Bittner, B. J. 


Burkepile, J. M. 
Bussey, H. E. 
Cateroa, J. V. 
Culshaw, W. 
Dalke, J. L. 
Decker, M. T. 
Elam, T. W. 
Estin, A. J. 
Haris ds 
Flaharty, C. L. 
Foley, W. V. 
Green, C. P. 
Guiraud, F. O. 
Harrington, R. D. 
Hedberg, C. A. 
Johnson, H.S. 
Kelly, G. A. 
King, R. J. 
Kirby, R. C. 
Kopl, W. J. 
Lance, H. W. 
Larson, R. E. 
McGuire, D. W. 
Miller, L. W., Jr. 
Niesen, E. 
Perkins, M. E. 
Price, G. W. 
Quirk, W. J. 
Richardson, J. M. 
Rynning, J. L. 
Schafer, G. E. 
Spano, A. J. 
Spillane, L. R. 
Stacey, D.S. 
Thompson, M. C., Jr. 
Wait, J. R 
Wang, C. S. 
Wassink, H. W. 
Waters, D. M. 
Wilber, R. W. 
Wiseman, S. D. 


El Paso 
Bigelow, G. F. 
Haas, H. W. 
Kerker, R. 
Lovitt, S. A. 
McCalla, T. M., Jr: 
Schafersman, R. L. 
Taylor, L.’S: 
Tipton, R. B. 
Welch, C. M. 
Wilmot, R. D. 


Fort Worth 


Bean, F. C. 
Brust, M. F, 
Bryan, K. W. 
Cook, A. B. 
Dunlap, K. H. 
Gentry, B. F. 
Harman, D. G. 
Heidt, R. C. 
Roy, F. J. 

Silv ernell, Roby 
Van Hoozer, (13), 
Watkins, O. E. 
Willman, J. F. 


Houston 


Aldridge, J. P., III 
Caplan, R. S 


Hudgins, Ww. Tt. Jn 
Kansas Ciry 


Aco, R. E, 
Anderson, R. W. 
Boss, G. D. 
Brown, T. L. 
Chinn, F. T. 
Clarke, BL, 
Cummings, A. J. 
Dalton, R. C. 
Gustafson, G. R. 
Hax, D. H. 
Hayes, D. 

Hodge, R. E. 
Jones, P. V. 
Long, E, D. 
McDowell, J. F., Jr. 
Miller, C. V 
Nahman, N. 'S. 
Nowotny, Ka By 
Nuckolls, R. G. 
Phelps, G. R. 
Robertson, A. J. L. 
Roszkowski, G. J. 
Stout, H. L. 
Waite, W. P. 
Wilcox, J. V. 


Little Rock 


Cannon, W. W. 
Collins, R. E. 
Poularikas, A. 


New Orleans 
Braquet, L. J., Jr. 
Chigoy, W. A. 
Crawford, R. M. 
Cronvich, J. A. 
Davis, P. A., II 
Gadsden, C, P. 


Tillman, L. 
Tunnell, W. A. 


Oklahoma City 


Herriott, J. K., Jr. 
Reynolds, J 
Staley, J. D. 
Thomas, D. F. 
Wichels, J., Jr. 
Wood, G. J. 


St. Louis 


Abernathy, J. L. 
Bennett, D. W. 
Brennan, R. D. 
Davies, H. W. 
Gardner, B. H. 
Hirsch, O. C. 
Kellerman, R. A. 
Kuhlman, E. A. 
Lechtreck, L. W. 
Mahon, M. J. 
McHoney, L. M. 
Mohrman, R. F. 
Mosley, C. E. 
Mueller, T. E. 
Netter, H. A. 
Reiniger, R. A. 
Saxe, R. E. 
Schaeperkoetter, L. C. 
Troth, B. J. 
Verbarg, L. EB. 
Vicedomine, D. A. 
Wolin, S 

San Antonic 


Coale, C. R., Jr. 
Economy, R. 
McHugh, E. L. 
Simpson, S. H., Jr. 
Vivian, R. A. 
Wangler, R. B. 


Shreveport 
Randolph, A. M. 
Strickland, E. C. 


Wichita 


Flowerday, W. L. 
Hutchinson, D. P. 
Klatt, W. K. 
Kohman, E. J. 
Prihar, Z. 
Tierney, P. V. 


Tulsa 
Hill, J; Keo: 
Jacobs, G. G. 


Region 7 


Alamogordo-Holleman 


Nicholson, T. 


Albuquerque-Los Alamos 


Allen, L. J. 
Arnot, G. A., Jr 
Brassfield, J. R 
Chia Cc 

Cilke, FR: 
Connell, J. C. 
Dike, S. H. 
Ellis, P.R.. Jr. 
Fagan, P. 
Finch, H. D. 
Fossum, D. E. 
French, G. 
Gelt, P. A. 
Glass, R. E. 
Hale, ie Cc. 
Hayes, B. 
Jones, M. C. 
La Fleur, W. 
Laritson, L. P. 
Lincoln, R. A. 
Scharrer, R. G. 
Senter, C. H. 
Taylor, sD: 
Weeks, W. L. 
Weingarten, D. H. 
Widenhoefer, N. C. 
Yearout, D. K 


Anchorage 


Childress, J. C., Jr. 
aes (Gea; 
Grob, L. 

Hauck, R. A. 
Scott, ReC 
Svete, Dac, 
Weatherly, M. R. 


China Lake 
Creusere, M. C. 
Deyoe, D. C. 
Hechtel, J. R. 
Ruggieri, F. A, 


Fort Huachuca 
Barkson, J. A. 
Lamb, J. J. 

Hawaii 


Chang, D. C. 
Harada, S. 


1960 


Higa, K. 
Jones, R. C, 
Miller, R. W. 
Texeira, P. D. 


Los Angeles 


Abele, R. J. 
Adcock, M. D, 


Ajioka, J. S. 
Albrecht, A. 
Algeo, J. A, 
Allder, J. R. 


Allmandinger, E. F. 


Alpine, P. E. 
Ambrose, J. R. 
Anderson, G. R. 
Anderson, R. W. 
Aron, R. M. 
Ashcraft, W. D. 


Barfield, R. O. 
Barquist, W. S., Jr. 
Batson, D. D. 
Bauer, P. W. 
Bauman, H. W. 
Beavin, R. L. 
Beck, A. B. 
Becker, J. T. 
Bedrosian, E. 
Begley, W. W. 
Begovich, N. A. 
Benbrooks, L. A. 
Benson, J. 
Bessette, A. 

, Billingsley, S. V. 
* Binkey, R. A. 
Blackwell, M. B. 
Blatchford, D. 


Bonebreak, qs, 
Bonney, L, A. 
Boreham, J. F. 
Bowers, E. O. 


Buchanan, H. R. 
Buckley, J. R. 
Buckley, J. W. 
Buczek, C. J. 
Burnett, E. D. 
Burnsweig, J., Jr. 
Campbell, F. L 
Carey, G. D. 
Carnegis, G. A. 
Carter, C. J. 
@Carter, J. J. 
Cavanagh, J. R. 
Chait, H. N. 


Chandaket, P. 
Chandler, C. W. 


Chernin, M. G. 
Cheshire, ey Car. 
Child, C 

pecinerd R. J. 
Christoffers, W. H. 
Clapp, R. W. 
Clausen, H. 
*Clavier, P. A. 


Pe caciie: ‘Ii ™M. 
Conway, W. H. 
Cook, K. R. 
-Courtier, De 


Deininger, C. F. 
Dell-Imagine, R. A. 
_ De Wolf, 

- Dexter, Gs w. 
Diedrichs, R. O. 
-Dobbertin, W. H. 


Chamberlain, W. S. 


Doeleman, H. 
Dong, P. 
Donnelly, J. E. 
Dow, D. G. 
Downey, E. J., Jr. 
Du Fort, E. C. 
Dunn, C. E. 
Duvall, W. E. 
Du Waldt, B. J. 
Dvoracek, F. H 
Easton, J. D. 
Eatough, C. D. 
Edwards, B. N. 
Ehriich, M. J. 
Elliott, R. S. 
Endler, H. M. 
Date by 

Engle, K. J. 
English, D. L. 
Erlinger, K. J. 
Estes, J. R. 
Evendorff, S. 
Fahnestock, R. J. 
Feeney, J. E. 
Fenn, W. H. 
Fenton, R. N. 
Fisher, M. K. 
Fix, O. W. 

Fogel, R. L. 
Fonda-Bonardi, G. 
Fordham, V. C. 
Forrester, A. T. 
Foster, H. B. 
Foster, H. E. 
Frame, J. L. 
Frank, M. E. 
Frankos, D. T. 
Fraser, R. H. 
Frasure, L. R. 
Fredricks, R. W. 
Frieburg, H. E. 
Fujimoto, Y. 
Funk, R. E. 
Gage, N. C. 
Galindo, V. 
Gannaway, R. 
George, N., Jr. 
Gerber, W. D. 
Germer, H. A., Jr. 
Ghose, R. N. 
Gibbons, T. J. 
Gibbs, L. C. 
Gillespie, E. S. 
Gilliam, D. 
Glascock, R. D. 
Goldman, R. D. 
Goldman, S. 
Goldsmith, M. L. 
Goodman, F. R. 
Goodwin, F. E. 
Gooley, T. J. 
Gottier, R. L. 
Gould, R. W. 
Grant, G. R. 
Gray, W. W. 
Grossfield, S. 
Gruder, J. F. 
Gullatt, S. P., Jr. 
Gustafson, L. A. 
Habra, J. 
Hadden, F. A. 
Hadovsky, F. D. 
Hagerty, R. AB 
Haigh, W 

Hajic, E. ye 
Hall. Be 

Hall, R. D. 
Hancock, T. W. 
Hand, F. W., Jr. 
Hargrove, R. O. 
Harper, R. Z 
Harriman, T. J. 
Harrington, V. L. 
Hata, F. T 
Hautzik, R. M. 
Hayman, W. H. 
Heath, P. D. 
Heimiller, R. C. 


Hershberger, W. D. 


Hetland, G., Jr. 
Hewitt, G. E. 
Heyer, F. F. 
Higa, W. H. 
Highstrete, B. A. 
Hile, J. W. 
Hitterdal, A. B. 
Hodel, J. L. 
Holland, J. E. 
Holley, A. E. 
Holsworth, D. M. 
Holt, D. 
Holtzman, J. C. 
Holzgrafe, H. G. 
Hovda, R. E. 
Hudspeth, T. 
Huffman, J. L. 
Hughes, W. A 
Hume, P. D. 
Hutcheon, R. S. 
Hyneman, R. 
Inoue, N.S 


Jaffe, J. S. 
Jamison, R. S. 
Jicha, A. J. 
Joe, R. H. 
Joerger, J. C. 


Johnson, H. A., Jr. 


Johnson, R. W. 
Johnston, J. M. 
Jones, L. E. 
Joyce, F. J. 
Judge, W. J. 
Kaprielian, A. Z. 
Kasai, G. S. 
Katyl, Ro. 
Katz, J. 
Kaufman, i 
Keiser, J. A. 
Kelling, D. G. 
Kellner, M. 


Kimmel, R. O. 
Kinaga, T. 
King) EH. By 
Kiser, A. J. 
Kitabayashi, T. 
Klapper, E. 
Klein, R. 

Klotz, E. S. 
Knechtli, R. C. 
Koerner, M. A. 
Koontz, R. H. 
Kopp, E. H. 
Kopulsky, S. 
Koran, A. 
Kramer, A. G. 
Krausz, R. 
Kreinheder, D. E. 
Kreismanis, M. V. 
Kalle) K 
Kriz, K. H. 
Kudrna, K. L. 
Kurashita, J. H. 
Kurtz, L. A. 
Lader, L. J. 
Lance, A. L. 
Landis, V., Jr. 
Larsen, R. P. 
Larter, T. C. 
Lees, A. B. 
Leng, R. B. 
Leon, B. J. 
Lew, H. W. 
Lieber, M. 
Linnes, K. W. 
Lloyd, M. S. 
Lockhart, C. T: 
Lockhart, E. H. 
Lockhart, R. M. 
Locus, S. S. 
Long) J. Ls 
Long, M. C. 
Louapre, M. E. 
Louie, W. 
Lovick, E., Jr. 
Loyet, D. L. 
Lucke, M. E. 
Lundquist, C. R. 
Mackey, R. C. 
Maguire, W. W. 
Majka, C. J. 


Mallinckrodt, A. J. 


Mamayek, D. S. 
Marchese, T. J. 
Margerum, D. L. 
Margolin, A. R. 
Markin, J. 


Matson, D. L. 
Matsushige, R. H. 
Matthews, W. C. 
McCaughna, J. R. 
McClure, D. H. 
McColl, M. 
McCone, G. L. 
McFarlane, M. D. 
McNary, B. D. 


McNaughton, J. F. 


McQuerry, W. H. 
McWilliams, J. D. 
Meany, J. E 
Mescall, J. 
Messenger, G. C. 
Metcalf, De F. 
Metzger, H. W. 
Meyer, D. R. 
Michaels, E. C. 
Mickelson, J. R. 
Milham, R. F., Jr. 
Miller, C. E. 
Miller, G. B. 
Millet, M. R. 


Moyer, J. W. 3 


Roster of PGMTT Members 


Mueller, G. E. 
Mueller, M. C. 
Mueller, W. M. 
Muhlstein, R. W. 
Munushian, J. 
Murphy, J. J. 
Neben, D. F. 
Neelanda, C. H. 
Newberg, I. L. 
Nielsen, C. L. 
Nishimura, R. K. 
Norris, K. M. 
Notvest, R. A. 
Nutten, D.C. 
Ohlmann, G. A. 
Okino, T. Y. 
Okubo, G. H. 
Olson, M. W. 
Oltman, BH. G., Jr. 
Omiya, R. Y. 
O’Nan, RL, 
Qrr, J. A. 
Otoshi, T. Y. 
Palmerson, P. J. 
Papas, C. H. 
Parisky, R. N. 
Parker, S. E. 
Pass, H. R. 
Paterno, P. M. 
Patin, O. E. 
Paul} Bok: 
Paulson, E. T. 
Pedersen, R. J. 
Peringer, P. 
Perry, W. C. 
Peterson, R. L. 
Phillips, G. A. 
Pierce, G 
Polzin, E. M. 
Porter, B. W. 
Potter, P. D. 
Potts, D. L. 
Potwardowski, B. 
Poulsen, W. A. 
Purdum, L. C, 
Randall, G. M. 
Rau, J.B: 
Reed, R. H. 
Roberts, P. S. 
Roehl, E. R. 
Rohland, A. E. 
Rolnik, J. A. 
Romeo, D. J. 
Rousseau, A. L. 
Royal, D. E. 
Rudin, M. B. 
Rudin, S. 


Rumsey, W. E., Jr. 


Sabih, D. S. 
Saltzman, H. 
Samuels, D. N. 
Sand, B. 


Schiavoni, D. W. 
Schott, F. W. 
Schuster, D. 
Scott, A. W. 
Seaton, A. F. 
Seeley, E. W. 
Sensiper, S. 
Shahan, O. 
Shameson, L. 
Shein, S. 
Shelton, R. C. 
Shestag, L. N. 


Shimabukuro, F. I. 


Shoulders, H. D. 
Siegel, W. 
Silberberg, R. W. 
Silence, N. C. 
Silva, L. M. 
Sims Js 

Sion, E. 

Sission, A. R. 
Sraoutilot, 1p, Ak; 
Smith, R. D. 
Smith, R. G. 
Snyder, W. A. 
Sommers, C. E. 
Speen, G. B. 
Stacey, J. M. 
Stark, L. 

Steele, E. L. 
Stegelmann, E. J. 
Stegen, R. J. 
Steiger, W. 
Steinkolk, R. B. 
Stephens, F. M. 
Sterling, M. F. 
Sternke, E. C. 
Stevens, F., Jr. 
Stevens, S. 
Stitch, B. D. 
Stitch, M. L. 


Stockhoff, K. C. H. 


Stodola, R. A. 
Stone, R. E. 
Straus, T. M. 
Strawn, R. S. 
Street, N. C 
Strumwasser, E. 
Struve, L. M. 


Swerdfeger, Pp, M. 
Swift, C. W. 
Sykora, G. E. 
Symonds, R. J. 
Taira, W. C. 
Tang, R. 

lange Dems 
Teeter, W. L. 
Teragawa, R. T. 
Thomas, D. L. 
Thomas, R. L. 
Todd, B. J. 
Tokheim, R. E. 
Tondreau, H. J. 
‘Tong, K.C, 
Tornheim, H. 
Trapp, R. R. 
Trembly, B. D. 
Adreontg, 12, 

Tudor, J. E. 
Uebele, G. S. 
Underberger, G. M. 
Uyetani, B. 
Vallar, T. 5. 
Vannucci, R. P. 
Vanous, P. J. 
Villenueve, A. T. 
Vuilleumier, R. F. 
Wachowski, H. M. 
Wada, J. Y. 
Wada, R. T. 
Walcek, E. J. 
Walley, B. 
Walsh, B. L. 
Wang, F. B. 
Waniek, R. W. 
Wanselow, R. 


Waterman, H. 'B. 
Webb, P. S. 
Weglein, R. D. 
Wehn, S. L 
ae S: 
Weil, F 


Wells, R. E. 
Wershoven, G. A. 
West, D. B. 
Whirry, W. L. 
White, R.L. 
Whiting, L. 
Widell, C. D. 
Wierman, E. T. 
Wigdahl, E. E. 
Wildman, A. J. 
Williams, H. M., Jr. 
Williams, R. G. 
Willis, M. R. 
Wills, J. D. 
Wilmot, R. D. 
Wilson, R. W. 
Wilts, C. H. 
Winslow, L. M. 
Wolking, D. H. 
Wong, S. H. 
Worthy, N. M. 
Wright, P. B. 
Wright, T. W. 
Wyatt, W. C. 
Wylie, J. A. 
Vabiten, Col, 
Yee, D. K. 
Young, H. M. 
Young, R. A. 
Yowell, C. O. 
Zamites, C. J. 
Zboril, F. R. 
Zmuidzinas, J. S. 


Phoenix 


Aden, A. L. 
Black, J. R. 
Blixt, R. E. 
Cacheris, J. C. 
Carter, P. M. 
Claris 
Copple, M. J. 
Echols, R. A. 
Elsner, R. W. 
Gibson, D. D. 
Goodman, R. G. 
Gundry aCe 
Haenichen, J. C. 
Ham, N.C. 
Jungwirth, J.-N. 
Knight, W. H. 
Lindsay, J. D. G. 
Murray, P. W. 
Palais, J. C. 
Peterson, R. Kk. 
Rabowsky, I. 
Robertson, S. D. 
Russell, F. D. 
Sakiotis, N. G. 
Schaffner, G. 
Skomal, E. N. 
Smith, D. A. 
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Solem, R. J. 
Stearns, W. P. 
Steinman, W. L. 
Dull Dee. 
Van Druff, J.C. 
Voorhaar, F. R., Jr. 
West, R. G. 
Williams, D. J. 
Portland 


Baulig, R. H. 
Bennett, S. D. 
Crenshaw, T. L. 
Gibson, C. B., Jr. 
Hashizume, G. K. 
Lockwood, L. R. 
Marihart, D. J. 
Miller, F. E. 
Mozzini, L. M. 
Myers, J. T., II 
Porcelli, E 
Richardson, W. E. 
Sato, H. 

Turnbull, J. L., Jr. 


Sacramento 


Aldrich, P. S. 
Conly, E. R. 
Frederick, D. E. 
Lane, C. A. 
Lebel, A. E. 
Levy, M. C. 
Sassman, R. W. 
Sinkler, C. I. 


Salt Lake City 


Anderson, D. W. 
Bowen, M. J. 
Bray, G. L. 
Brownell, F. P., Jr. 
Buter, B. L. 
Davidson, B, G, 


McLaughlin, - J. W. 
Mitchell, L. K. 


San Diego 


Abbey, K. 

Agbulos, E. C. 
Asato, C. K. 
Augustin, E, P. 
Babbitz, H. B. 
Barnhart, M. A. 
Bergant, GuGs 
Chazotte, M. M., Jr. 
Chesrow, A. F., Tr. 
Christensen, No 
Delicath, R. C. 
Derenthal, R. J. 
Dickstein, H. D. 
Dobyne, J. C., 
Enslow, P. H., 
Erickson, P. R. 
Evey, R. R. 
Girismen, M. F. 
Gottwald, Cros 
Hendrix, Dies 
Herbert, W. J. 
Hively, R. R. 
Honer, R. E. 
Hopkins, R. U. F. 
Ikerd, H. M. 
Kluck, J. H. 
Martin, L. E. 
Matsumoto, T. 


Moffatt, V. J. 
Molnar, S. 
Moore, W. E. 
Morgan, L. A. 
Mulvey, J. X., Jr. 
Omiya, C. I. 
Proctor, D. 
Ratkevich, A. E. 
Rayburn, D, A. 
Russell, J. D. 
Schoonover, M. R. 
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-freqi uency 
standards 


ANSWER: By act of Congress, the U.S. 
Bureau of Standards determines the pri- 
mary standard, based on the revolution of 
the earth. All DeMornay-Bonardi micro- 
wave instruments are calibrated at fre- 
quencies which are verified by our second- 
ary standard, which, in turn, is periodically 
calibrated, point for point, by the U.S. 
Bureau of Standards. 


One way to properly match a microwave 
transmission line is by using a D-B Stub 
Tuner to reduce mismatch losses and utilize 
the total energy available. 


D-B stub tuners in the 2.6 to 18 KMC range 
have a new scale and vernier that gives 
precise resettability in longitudinal travel. 
A new micrometer scale on the probe meas- 


§ BONARD! 
® 


ures penetration with very high accuracy. 


Probe wobble is eliminated, and no res- 
onances can occur under any conditions. 
You can correct VSWR as high as 20:1 with 
amazing accuracy (1.02). You can tune with 
precision...reset to original settings with 
certainty that phase and magnitude have 
been duplicated. 


Ditto for higher frequencies. D-B tuners in 
the 18 to 90 KMC range are not simply 
scaled-down units—they’re engineered for 
ultramicrowave® use. All the above fea- 
tures are available, plus micrometer posi- 
tioning which provides readability to.0001”. 


Write for data sheets—they detail all fea- 
tures, applications, dimensions, sizes. Bul- 
letin DB-919. 
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million watt transmitter 
created to better man’s — 
understanding of the atmos- 
phere and ionosphere—The 
complete transmitter de- 
veloped and manufactured 
by FXR. 


~~ ar 
_— “ee “ ~ 


<<< eT ~T 


<<<<<ssu 


FXR’s precision microwave equipment, high-power 
pulse modulators and high-voltage power supplies 
have prominent roles in such leading scientific pro- 
grams as this 50 million watt transmitter, thermo- 
nuclear control research, communication and 
ballistic missiles systems and similar astronautical, 
aeronautical and electronic developments, 
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